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Preface

This volume of the Joint NA SA /Geosat Test Case Pr_?ject Final Report contains

the results from the petroleum studies and the Technical Appendix. Part 2, Volume

i, contains the results from the porphyry copper and uranium studies as well as the

Project Description and Sensor Assessment Report. A key to the bandpasses of the

multispectral scanners used in this study is included in the Map Envelope, Part 3.

Part I is a summary of the entire Joint NASA/'Geosat Test Case Project.
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Selected Acronyms and Abbreviations

AAPG

ACSM

AEC

AIME

ANAMAX

ASARCO

ASP

AT!

BCF

BLM

BMD

CCT

CIR

CR("

CSD

CT

DE("

DN

DOE

ERIM

EROS

FLD

For

Geosat

GSA

HCM M

HH

HP

HSI

HV

American Association of Petroleum Geologists

,American Congress on Surveying and Mapping

Atomic Energy Commission

American Institute of Mining Engineers

Mining company owned by AMAX and Anaconda mining

companies

American Smelting and Refining Company

American Society of Photogrammet W

Apparent thermal inertia

Billion cubic feet

Bureau of Land Management

Biomedical ('omputer Program Series: a set of statistical computer

programs developed by the University of Calil\_rnia at Los Angeles

Computer-compatible magnetic tapes

Color infrared

Color ratio composite

Cross-strike discontinuity

Cammical transli}rmation

Digital Eq uipmcnt Corporation

Digital number

Department of Energy

Environmental Research Institute of Michigan

Earth Resources Observation Systems

Fraunhol'er Line Discriminator

Field of view

The Geosat Committee, Inc.

Geological Society of America

Heat Capacity Mapping Mission

Parallel polarized: horizontally transmitted and horizontally

received radar signal

H igh-pass: a contrast enhancing lilter

Hue, saturation, and intensity

('ross polarized: horizontally transmitted and vertically received

radar signal
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IEEE

IFOV

IGARSS

IPL

IR

JPL

JSC

LP

MCF

MFMR

M2S

MSS

NASA

NS-O01

NURE

PC

PCA

PDB

PFRS

pixel

PMIS

RME

SAR

SCS

SEG

SLAR

SLR

SMIRR

SMOW

SPIE

SPOT

TC

TI

TIR

TM

USDA

USGS

VH

VNIR

XRD

Institute of Electrical and Electronics Engineering

Instantaneous field of view

International Geoscience and Remote Sensing Symposium

JPL's Image Processing Laboratory

Infrared

Jet Propulsion Laboratory

Johnson Space Center

Low-pass: a contrast subduing filter

Thousand cubic feet

The aircraft Multifrequency Microwave Radiometer

The aircraft Modular Multispectral Scanner

Multispectral Scanner: a system on Landsat satellites

National Aeronautics and Space Administration

The aircraft Thematic Mapper Simulator

National Uranium Resource Evaluation

Principal component

Principal components analysis

Pee Dee belemnite

Portable Field Reflectance Spectrometer

Picture element

The aircraft Passive Microwave Imaging System

Rocky Mountain Energy'

Synthetic Aperture Radar

Soil Conservation Service

Society of Exploration Geophysicists

Side-looking airborne (aircraft) radar

Side-looking radar

Shuttle Multispectral Infrared Radiometer

Standard mean ocean water

Society' of Photo-Optical Instrumentation Engineers

Systeme Probatoire d'Observation de la Terre: a French

multispectral satellite terrestrial remote sensing system

True color

Thermal inertia

Thermal infrared

Thematic Mapper: a multispectral scanner system on Landsat 4

United States Department of Agriculture

United States Geological Survey

Cross polarized: vertically transmitted and horizontally received
radar signal

Visible and near infrared

X-ray diffraction
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Section 10

Petroleum Commodity Report

I. Introduction

This section summarizes some basic concepts of petro-

leum geology and highlights the characteristics, methods

of study, and results obtained at the three petroleum test

sites (Figure 10-l). Additionally, selected papers that cover

in greater detail the concepts introduced here are included

in the References and Bibliography at the end of this sec-

tion. Information in this section provides the perspective

necessary to understand details of individual test site reports

(Sections 11, 12, and 13) in terms of the overall project

goal-to evaluate the utility of state-of-the-art remote sens-

ing technology for geologic mapping and oil and gas
exploration.

II. Characteristics of Commercial Oil and Gas
Accumulations

Commercial oil and gas accumulations are mixtures of

gaseous and liquid hydrocarbon compounds that occur

primarily in sedimentary rocks. The compounds form from
organic material preserved in sediments that have been

buried to sufficient depth to thermally evolve mobile fluids.

These fluids then migrate into porous and permeable sub-

surface zones (reservoirs) within geological features (traps)
from which they can be commercially extracted by wells.

Known global and U.S. sedimentary basins containing

commercial hydrocarbon accumulations are shown in

Figures 10-2 and 10-3, respectively. These basins occur in

the interior of continents, on continental margins, and on

offshore continental shelves. For comparative purposes,

U.S.-proven hydrocarbon reserves for onshore and off-
shore basins are estimated to be 26.8 billion barrels' of oil/

I I barrel (bbl) = 42 U.S. gallons and is the standard U.S. unit of measure
for liquid petroleum.

159.7 trillion cubic feet of gas and 3 billion barrels of oil/'

39.3 trillion cubic feet of gas, respectively (Department of

Energy, 1980). Generally, sedimentary rocks in interior
continental basins are older than those of the continental

margin. The degree of structural deformation of both mar-

ginal and interior basins can vary from minor (character-
ized by essentially flat-lying strata) to severe (characterized

by faulted, steeply dipping, and overturned strata),

depending on their specific geological setting and history.

Although hydrocarbon accumulations are widely distrib-

uted, more than 85 percent of the world's total hydrocar-

bon production is obtained from fewer than 5 percent of
the individual fields (McCulloh, 1973).

Sediments that contain suitably preserved organic mate-

rial for the generation of mobile hydrocarbons are known

as source rocks. Source rocks are usually dark gray to black

in color and are composed of fine-grained material. They
are deposited in marine, river, deltaic, and lake environ-

ments. Because organic material is commonly destroyed by
oxidation within a few centimeters of the sediment water

interface (Sweeney and Kaplan, 1980), the organic mate-

rial must be isolated (by rapid burial) from oxidizing envi-

ronments and organisms so that it can be preserved in the

potential source rock.

Immobile sedimentary organic material, which is the

precursor of mobile hydrocarbons, is called kerogen. Kero-

gen forms from algal material preserved in lake sediments,

from planktonic material preserved in marine sediments,

or from herbaceous or woody material preserved in terres-

trial sediments (Yissot and Welte, 1978). The type of kero-

gen present largely determines the type of mobile

hydrocarbon product generated. When kerogen-bearing

sediments encounter sufficient temperatures, often related

to their depth of burial, the generation of mobile hydrocar-

bon compounds occurs. Because the thermal gradient

10-1
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names of the three petroleum test sites studied

(change in temperature with depth) differs from basin to

basin and over geologic time, the depth of hydrocarbon

generation is variable but averages about 2 to 3 km (6000

to 10,000 It). Because oil is often generated at a lower tem-

perature than gas, the depth of generation of hydrocarbons

within a basin is a function of the type and quantity of ker-

ogen present and the thermal gradient. The geologic his-

tory of a basin must be assessed, therefore, to determine if

and when hydrocarbons were generated.

Hydrocarbon production with respect to the age of the
reservoir for commercial U.S. and world accumulations is

shown in Figure 10-4. The discrepancy between the two is

mainly due to the huge Mesozoic accumulations of the

Middle East. Nonetheless, these data suggest that there were

periods in the Earth's history and certain regions that were

more favorable than others for the generation and accu-

mulation of hydrocarbons.

Once hydrocarbons are generated, the complex and

imperfectly understood process of migration occurs. The

transport of mobile hydrocarbons within narrow pores of

the fine-grained source rock and en route to the reservoir
rock is called primary migration. Movement of the hydro-

carbons through the larger pores within the more permea-

ble reservoir rocks is called secondary migration. Pores in

the subsurface are generally filled with water trapped dur-

ing sediment burial or squeezed from underlying sedi-

ments by compaction. Because gas and oil have a higher

buoyancy than water, hydrocarbons are generally found in

the high areas of the reservoir rocks, i.e., at the upper end

of tilted strata or at the tops of fold structures. The normal

reservoir fluid sequence from the highest part of a reser-
voir to the lowest is gas, oil, and water.

Hydrocarbons are commercially produced from reser-
voirs that are subsurface zones characterized by intercon-
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nected pores which result in permeability. Porosities 2 of

typical reservoirs range from 5 to 30 percent. PermeabiJi-

ties of typical reservoirs range from ! to 1000 millidarcies

(md)? Porosity is a measure of total pore space, and

permeability is a measure of the degree of pore intercon-
nection. Commercial reservoirs occur in both clastic (sand-

stone and shale) and carbonate (limestone and dolomite)

sedimentary rocks. The porosity of carbonate reservoirs is

usually less than that of sandstone reservoirs; the permea-

bility, however, can be higher. More than 60 percent of all

commercial oil occurrences are in sandstones, 30 percent
are in carbonates, and 10 percent are in fractured shales.

Minor reservoirs have been discovered in igneous and

metamorphic rocks.

2Porosity pore volume x I00
bulk volume

31 md, the standard unit of measurement for permeability, is 0,001 Darcy: I

Darcy is that permeability which will allow I ml of a fluid of l-centipoise

viscosity (water at 20 ° C) to move 1 cm under a pressure gradient of I

atmosphere through a cross-sectional area of I cm 2 in 1 s,

Porosity in reservoirs is classified as either primary or

secondary. Intergranular pore diameters may typically range

from 0.05 to 0.25 mm. This intergranular porosity, related

to the size, size variability, and packing of sedimentary

particles, is created at the time of deposition and is known

as primary porosity. During burial, chemical changes
referred to as diagenesis occur in sedimentary rocks.

Diagenesis usually destroys primary porosity by filling

intergranular pores with mineral compounds. By chemi-

cally removing mineral compounds, some diagenetic pro-

cesses can also create secondary porosity and permeability,
particularly in carbonates and carbonate-cemented sand-

stones. Another form of secondary porosity is caused by
structural deformation, which can create fractures and

increase the pore volume and permeability of the reservoir

rock. In fact, hydrocarbon well completion techniques
commonly include chemical and/or mechanical methods

to artificially create this type of secondary porosity and

permeability.

Once located by drilling, surface production of hydro-

carbon accumulations can be facilitated by the presence of

10.3
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hydrostatic pressure (water drive) or by the presence of high-

pressure gas (gas expansion drive). Hydrocarbon accumu-

lations that do not possess sufficient pressure to flow natu-

rally through a well bore to the surface are either pumped

to the surface or displaced to the surface by the injection of
water or a variety of gases. The commercial producibility

of subsurface hydrocarbons is determined by the size of

the accumulation, its depth, the porosity and permeability

of the reservoir rocks, the pressure of the reservoir fluids,
and the composition of the fluids produced.

Reservoir depths can vary from near-surface to over 6 km

(20,000 it). The average reservoir depth, however, is about

1.2 km (4000 It). The maximum potentially productive depth
is controlled by factors including the diagenetic and

mechanical destruction of porosity which can occur at depths

greater than 6 km (20,000 it), physiochemical limits on the

generation and stability of hydrocarbons, and economic/

technologic limitations on drilling/production depths.

Geological features that enclose reservoirs are called traps.

Traps are overlain and sealed by relatively impermeable
rocks that define the size of the hydrocarbon accumula-

tion. A trap can have several reservoirs within it conlaining

oil and/or gas and water. Traps are classified as structural

or stratigraphic (Figure 10-5). The most important struc-
tural traps are anticlinal (Figure 10-5a, b, c, g) and can be

large features up to several tens of kilometers in length.

Other structural traps include fault-bounded features (Fig-

ure iO-5d, e, O and those associated with salt domes (Fig-
ure 10-5h).

Stratigraphic traps form as a result of spatial variations
in sedimentation and/or erosion. They are more difficult to

10-4
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detect and delineate than structural traps. Examples of
stratigraphic traps include marine barrier bar sandstones,
fluvial and deltaic channel sandstones, and carbonate reefs

(Figure 10-5i, j, k). All of these are porous and permeable
strata encased in impermeable shales. Erosional surfaces

(unconformities) may truncate porous and permeable zones

which can be covered and sealed by subsequently depos-

ited sediments, thus forming a trap (Figure 10-5/). Depos-
its of evaporitic minerals such as salt and gypsum may also
act as effective seals over porous rocks.

Other traps that have both stratigraphic and structural

elements are called combination traps. Traps can also form

in response to hydrodynamic flow through reservoir rocks.

Figure 10-6 illustrates oil volumes contained by different
types of traps.

Regardless of the nature of traps, it must be emphasized

that their existence is temporary in terms of geologic time.
Traps are dynamic systems. Recent research has demon-

strated that some classically accepted characteristics of oil

and gas traps may not be completely valid; for example,
Roberts (1980) has argued that all traps must leak to some

degree. The timing and duration of trap development with
respect to hydrocarbon generation and migration as well

as to changes in the chemical and physical environment

are critical in creating commercial accumulations.

III. Conventional Oil and Gas Exploration
Methods

Petroleum exploration today is a synergistic process
involving the integration of data acquired by many tech-

nologies. Rarely is a commercial oil or gas discovery attrib-

utable to a single exploration tool. The introduction.of new

exploration tools has never resulted in a significant jump
in the rate of discovery as expressed by cumulative pro-

duction plus proved reserves. The history of petroleum

exploration technology and the rate of discovery, illus-

trated in Figure 10-7, clearly document this observation.
Additionally, there is a long lag time between the introduc-

tion of a new technology and its benefits in terms of proven
reserves. The increase in reserves with time, however, is

largely a measure of the historical improvement of the

exploration process by using new data acquired from new
tools.

10-5
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Hydrocarbon accumulations were first exploited by min-

ing or by collecting fluids from natural surface and near-

surface seeps. Early wells were dug or drilled near surface

seeps, and most of the important oil-producing regions of

the world were first identified by the presence of surface oil

and gas seeps (Link, 1952). Shortly after the first U.S. oil

well was completed in 1859, it was suggested that petro-
leum accumulations occur in anticlines (White, 1885). With

this observation, the principle of surface geological map-

ping was developed to determine the possible presence of
anticlinal traps in the subsurface based on their surface

expression.

Geological and seep mapping were the primary means

of exploration until 1920 when subsurface geology was first
extensively employed in exploration. From the analysis of

subsurface rock samples obtained by drilling, the ability to

directly map subsurface structures, not evident at the sur-

face, was developed. Core samples made it possible to

identify stratigraphic controls on the location of zones of

favorable porosity and permeability in potential reservoir
rocks.

In the 1930s, subsurface exploration technology was
improved by the introduction of mechanical, electrical, and
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other methods of geophysical well logging. Instruments

lowered into the bore hole on a wire line measured physi-

cal properties of the rocks penetrated, including lithology,

porosity, permeability, and degree of gas, oil, and water

saturation. Well logging advanced to a high degree of

sophistication and is still a major exploration tool today.

Geophysical exploration methods were introduced in the

1930s and 1940s. These included gravity, magnetics, and

elementary seismic refraction and reflection. Gravity and

magnetic methods were useful in determining gross config-

uration of crystalline rocks (basement) beneath potentially

economic sedimentary strata as well as in identifying major
structural discontinuities such as subsurface faults. Detailed

gravity surveys were also capable of delineating subtle
subsurface structures not obvious at the surface. The advent

of the analog and digital computer increased the level of
analytical sophistication for all exploration methods. The

greatest impact of the computer, however, was on the

acquisition and processing of seismic reflection data. Seismic

techniques developed in the 1950s and 1960s became the

major exploration method used by industry in both onshore

and offshore environments. By delineating the interfaces
between rocks with different sonic velocities, seismic

reflection methods had the ability to determine both sub-

surface structure and stratigraphy. In some cases, particu-

larly in the Gulf Coast region of the United States, the

interface between gas-saturated and water-saturated zones
could also be detected with seismic data. Reflection seis-

mology is the dominant exploration tool used by industry
today.

Geochemistry has found several applications in hydro-

carbon exploration. Presently, conventional geochemical

techniques are used to analyze the organic matter in sedi-

mentary rocks, to identify potential source rocks, and to

determine their states of thermal maturity with respect to
hydrocarbon generation (Tissot and Welte, 1978). These
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analyses, when combined with analyses of crude oil sam-

ples, can be used to identify the source rocks that are

responsible for specific petroleum occurrences. This infor-
mation can then be integrated into basin evolution studies

used in exploration programs.

Less conventional geochemical prospecting methods

began development as an exploration tool in the late 1930s.
Various types of soil hydrocarbon analyses have been used
to detect subsurface accumulations, based on the concept

of the dominantly vertical migration of light hydrocarbons

from leaking subsurface traps. Soil gas surveys produced
inconsistent results and are still controversial, as summa-

rized by Hunt (1979). Encouraging geochemical results have

also been obtained by the analysis of hydrocarbon gases
dissolved in well waters and offshore marine waters. Other

less conventional geochemical methods include soil anal-

yses of helium gas (Roberts et al., 1977), carbonate miner-

alogy (Donovan, 1974; Rosaire, 1940), carbonate isotopes
(Donovan et al., 1974), trace element concentrations (Don-
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ovan and Dalziel, 1977), soil and rock bleaching (Fergu-

son, 1975), and radiometric analyses. Additionally, there

are unpublished industry reports of increased pore carbon-

ate and changes in clay mineralogy in rocks overlying res-

ervoirs. These methods are all based on the assumption

that hydrocarbons and/or associated compounds migrate

from leaking subsurface traps, which result in a detectable

geochemical expression in soils at the surface.

Geobotanical methods, closely related to the less con-

ventional geochemical exploration techniques, have found

limited application in oil and gas exploration since the 1930s.

Variations in both the distribution and vigor of plants are,

in part, a response to changes in the soil environment.

Geobotanical techniques have been used in hydrocarbon

exploration, primarily in the Soviet Union, with variable

success. To detect the effects of leaking subsurface hydro-

carbon deposits, geobotanists map vegetation cover includ-

ing plant distribution, presence of indicator plants, or

morphological changes in plants induced by excesses or
deficiencies in available soil nutrients (Brooks, 1972). Geo-

botanical effects of hydrocarbons leaking into soils above

gas pipelines and landfills have been documented by Davis
(1977) and Flower et al. (1981). Geobotanists seek vegeta-
tion "anomalies" and, for this reason, must first assess

"normal" plant variability (Siegel, 1974, p. 121-151).

Because of the necessity of establishing baseline plant vari-

ability, geobotany is multidisciplinary in scope and involves

such diverse disciplines as biochemistry, biogeochemistry,

biogeography, plant anatomy, plant physiology, botany,

chemistry, geochemistry, geology, forestry, soil science, and
statistics (Brooks, 1972).

IV. Remote Sensing in Oil and Gas
Exploration

Remote sensing data most widely used in hydrocarbon
exploration are aerial photography, airborne radar, and

Landsat Multispectral Scanner (MSS) satellite data.

Aerial photography was developed as an exploration tool
in the 1930s. Black-and-white, normal-color, and infrared-

color aerial photographs for structural and stratigraphic

mapping have the advantages of high spatial resolution and

stereoscopic viewing with vertical exaggeration. Disadvan-

tages include the unavailability of aerial photography for

many areas, weather and logistical problems of acquisi-

tion, and limited areal coverage of individual photographs.

Since the 1950s, side-looking radar images have been

acquired from aircraft. An advantage of this active imag-

ing system is that radar provides its own source of radia-

tion, making all-weather and day or night operation possible.

Spatial resolution of 10 to 40 m is typically obtained. An

important advantage of radar is the controllable illumina-

tion geometry. Radar images can enhance subtle topo-

graphic features that may be the surface expression of

subsurface geologic structures.

As part of a regional exploration program, Wing and
Mueller (1975) used Ka-band (0.86-cm wavelength) real

aperture radar images to map structural features in the
Mamika-Eilandan Basin of Indonesia. In the Haysi gas

field region of Virginia and Kentucky, fracture patterns were

interpreted from X-band (3-cm wavelength) synthetic

aperture radar images (Goetz and Rowan, 1981). Develop-

ment gas wells drilled on the basis of this information were

more productive than the wells drilled without this infor-

mation, supporting a relationship between surface frac-

tures and fractures in the reservoir at depth. In Indonesia,
Froidevaux (1980) demonstrated the value of aircraft radar

images for mapping structural patterns that were used to

estimate hydrocarbon potential.

The Seasat satellite, which operated from June to Octo-

ber 1978, acquired L-band (23.5-cm wavelength) synthetic

aperture radar data covering much of North America and

portions of Western Europe. Structural information has been

obtained from Seasat images (Elachi, 1980). This digital

data set is comparable in scale to Landsat data and can

provide textural information that correlates with rock and

soil surface roughness and topography. Seasat radar data

have been merged with Landsat multispectral data to pro-

duce a significantly improved soil and rock classification

accuracy (Stewart et ai., 1980). The major disadvantage of
Seasat radar data is the lack of worldwide and regional

coverage.

Since their availability in the early 1970s, images pro-

duced from Landsat satellite multispectral data have been

used extensively in hydrocarbon exploration (Halbouty,
1976, 1980; Johnston and Janza, 1977). Miller (1975) rec-

ognized major linear features (lineaments) on Landsat MSS

images that appeared to form the boundaries of a sedi-

mentary basin and defined new stratigraphic relationships

in eastern Kenya. Later, geophysical and subsurface data

confirmed the Landsat MSS interpretations. Experience has
shown that digitally processed Landsat MSS images can be

interpreted to add details to the existing reconnaissance maps

and can provide a cartographic base for subsequent use in

exploration and development programs. These and other

examples of the use of Landsat MSS data in exploration

are discussed by Sabins (1978). Mapping iron-oxide anom-

alies with Landsat MSS data may also have applications in

hydrocarbon exploration because of the reduction associ-

ated with leaking hydrocarbons (Vincent, 1977).
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Landsat MSS information is especially valuable when

used in the early reconnaissance phase of exploration, par-

ticularly by revealing regional features such as basins, arches,

and major fault/joint systems. Landsat MSS images have

the advantages of worldwide, seasonal, and large areal

coverage, digital computer compatibility for image pro-

cessing and enhancement, and relatively low data cost=

Disadvantages include low spatial resolution, coarse spec-
tral resolution, lack of stereo capability, and inability to

acquire data through cloud cover.

V. Background and Site Selection

A. Background

Areas of commercial oil and gas production offered sev-

eral attractive characteristics as prospective test sites for

evaluating the geological utility of state-of-the-art remote

sensing techniques. Oil and gas are produced from sedi-

mentary basins in most of the geologic and climatic prov-
inces of the United States. Consequently, numerous

candidate petroleum test sites representing diverse geol-

ogy, terrain, and vegetation were available for study. Most

producing oil and gas accumulations have been well char-
acterized geologically during the course of discovery and

development. Thus, adequate background data existed for
evaluating information derived from remote sensing data.

Industry information, however, concentrated on the sub-

surface near the reservoirs. Comparatively little surface and

near-surface information was generally available. Although

the genesis of commercial hydrocarbon accumulations was

fairly well understood and remote sensing techniques had

been applied to exploration problems, no generally accepted

remote sensing exploration model existed. Thus, research

at sites of known oil and gas production provided the

opportunity to develop new exploration models based on

remote sensing measurements. Geosat members were

actively involved in oil and gas exploration and develop-
ment. As a result, industry expertise and participation were
assured.

B. Site Selection

The Petroleum Test Site Selection Committee met in 1977

to select three test sites for the Project. The criteria for site
selection were:

(1) The sites must be representative of typical commer-

cial oil and gas accumulations. This implied that sites

characterized by different trapping mechanisms, dif-

ferent production characteristics, different geologic

settings, and different surface characteristics should
be selected.

(2) Cultural disturbance must be minimal. This was

considered to be a minor problem for typical oil- and

gas-producing areas where drilling pads, lease roads,

and production facilities typically represent a small

part of the total surface area.

(3) Access must be assured for fieldwork in the test site

area. Preferably the site would be owned/operated

by a Geosat member company to avoid problems of

public disclosure or land acquisition if new target
areas of exploration interest were identified during

the study.

(4) Adequate background information must be avail-

able. This implied the existence and availability of

surface and subsurface geological and geophysical

maps and reports. Soil maps should also exist for the

site. The probability of obtaining reservoir informa-

tion would be greatly increased if a Geosat member

company owned/operated the test site.

On the basis of these criteria, three sites were selected:

Patrick Draw, Wyoming; Lost River, West Virginia; and

Coyanosa, Texas (Figure 10-1).

As summarized in Table 10-1, the characteristics of these

three sites clearly satisfy site selection criterion 1. The Patrick

Draw test site encompasses the Patrick Draw oil field, a

Cretaceous stratigraphic trap with a sandstone reservoir

having primary porosity. It is representative of many simi-

lar Cretaceous oil and gas fields of the Western Interior of
North America. The Lost River test site encompasses the

Lost River gas field, a Paleozoic anticlinal trap with a
sandstone reservoir having secondary porosity. It is repre-

sentative of many similar gas fields of the Appalachian fold
belt of North America. The Coyanosa test site encom-

passes several oil and gas fields. Paleozoic sandstone and
carbonate reservoirs having both primary and secondary

porosity occur in a wide variety of traps. This test site is

representative of many of the prolific Paleozoic oil- and

gas-producing regions of the mid-continent of North
America.

The vegetation cover present at the three petroleum test

sites posed a realistic and challenging problem for extract-

ing geologic information from remote sensing data. Vege-

tation cover at Patrick Draw and Coyanosa is sparse and is

representative of the brush-grasslands typical of semiarid

regions. Lost River was selected specifically because of its
near total vegetation cover, representative of the forest-

lands typical of temperate regions.

Cultural disturbance was minimal at the three sites (cri-

terion 2), ranging from approximately 10 percent at Patrick
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Table10-1.Characteristicsofthethreepetroleumteatsites

Parameters

Test Site

Patrick Draw, Lost River,
Wyoming West Virginia

Coyanosa,
Texas

Latitude, N/Longitude, W 41'30°,/108'30° 39'00°/78'50 °
Test site area, km2 350 200
Productive area. kmz 70 20
Production

Gas 0 1,3x 101°ft3"
Oil 1.2x 10_bbl_ 0

Reservoir
Age Cretaceous Devonian
Depth, m (It) 1600 (5000) 2300 (7000)
Rock type Sandstone Sandstone
Porosity type Primary Secondary

Trapping mechanism Stratigraphic Anticlinal
Geologic setting Interior basin Fold belt
Climate Semiarid Temperate
Vegetation type Sage grassland Deciduous forest

(%Cover) (40) (99)

31'18°/10Y12 °
1400
50O

1,2x l014ft3_'
2.1 x 107bbl"

Paleozoic
1100(3400)-7000 (21,000)
Carbonate and sandstone

Primary and secondary
Stratigraphic and structural
Interior basin
Semiarid

Sonoran Mesquite
(40)

aEstimated ultimate recovery.
_'Cumulative to 1979.

'Ultimate recovery.

Draw and Lost River to approximately 30 percent at Coy-

anosa (most of which is an agricultural area on the eastern
edge of the site). Access to the three sites was assured (cri-
terion 3): blanket access was obtained for Patrick Draw

from Champlin and for Lost River from Columbia Gas;

section-by-section access permits were assured for Coy-
anosa by Exxon and Gulf.

Adequate background information for site characteriza-

tion and image evaluation (criterion 4) was either already

available or acquired as part of the test site studies (Table

10-2). The type of site characterization data acquired dur-

ing the investigation was diverse, and the level of analysis

and interpretation was variable. This diversity is an indica-

tion of the high level of interest and participation gener-

ated by the Project. Approximately 60 individuals, most

with geological backgrounds and others with expertise in

disciplines ranging from geophysics to plant anatomy, con-

tributed to the test site studies. These individuals repre-
sented over 40 exploration companies, government agencies,

and universities. The selection of the types of site charac-

terization data acquired was determined by the interests of

independent participants and by the information require-

ments defined by image interpretations.

A variety of maps, digital terrain data, cross sections, and
other geological data (Table 10-2) was obtained for each
test site. This information and field observations served as

the baseline for evaluating the quality of information
extracted from the remote sensing data.

Topographic maps were of critical importance for image
interpretation at the three test sites. When combined with

topographic data, images acquired a third dimension. With

this added geometric control, refined surface structural

interpretations and inferences regarding subsurface struc-

ture were possible.

Soil maps were useful for understanding the physical

meaning of units identified on images. To a large extent,

the soil scientist's view of soil units (characterized by com-

position, texture, genesis, slope, and associated vegetation)

approximates a sensors view of the Earth's surface (Figure
10-8).

Field and laboratory spectral surveys were conducted to
evaluate differences between a human observer's view of

the Earth's surface (restricted to visible wavelengths, Fig-
ure 10-9) and a sensor's view (which can extend beyond

the visible, Figure 10-9). Spectral information was used to

determine the physical meaning of image units and to

identify optimal image displays of sensor data. Addition-

ally, the laboratory and field spectral data were used as

standards for evaluating the spectral fidelity of sensor data.

Vegetation and soil geochemical surveys were conducted

at all test sites to establish background variability and to
identify any changes in surface materials that might be

caused by the migration of hydrocarbons from subsurface

traps. These data were considered in image interpretation
at all test sites.
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Table 10-2. SHe characterization Information acquired for test site Investigation

Test Site

Type of Information Patrick Draw, Lost River, Coyanosa,

Wyoming West Virginia Texas

Topographic maps

Regional (1:250,000) C C C

Test site (1:48,000) C C C

Digital terrain data (I x 2 ft) C C N/A

Geological maps

Regional ( 1:200,000- 500,000) C C C
Test site ( I:48,000) C C C

Oil/gas field data: discovery, production, and reservoir characteristics C C C

Subsurface structure maps
Well data C C C.P

Seismic reflection N/A P N/A
Cross sections C C,P C

Soil maps (1:48,000) C C C

Fieldflaboratory spectral surveys T T T,P

Field vegetation survey T T T

Soil geochemical surveys

X-ray diffraction mineralogy T T T
Elemental geochemistry

Leachate N /A T N /A

Bulk T N/A T

Carbon isotope T N/A T

Oxygen isotope T N/A T
Hydrocarbon gas T N/A N/A

Helium gas T N/A N/A

pH T N/A N/A

Bacteria N/A T N/A

Previous remote sensing studies C N/A C,P

C-Public information, including maps, reports, papers, theses, and compilations of such information.

T-Study conducted during the test site investigation.

P-Proprietary data made available for the test site investigation.

N/A-Not available/not acquired.

VI. Comparative Results

A. Introduction

Remote sensing techniques are essentially restricted to

observations of the Earth's surface. Some methods, such as

passive and active microwave and thermal inertia mea-

surements, may penetrate the near surface (Elachi, 1980;

Kahle et al., 198 !). Remotely sensed measurements, there-

fore, respond directly only to surface materials: vegetation,

soil, and exposed bedrock (modified by atmospheric, topo-

graphic, and cultural effects) (Figure 10-8).

Oil and gas reservoirs are restricted to the subsurface.

They exist well beyond the depth of penetration of any

existing remote sensing techniques. To use remote sensing

data for oil and gas exploration, a model must be employed

to relate remotely sensed observations to oil and gas in the

subsurface; for example, widely accepted exploration models

based on the surface expression of porphyry copper and

uranium deposits are used today by the mineral explora-

tion industry (Sections 3 and 7). These models are directly

applicable to the use of remotely sensed data for explora-

tion, primarily because mineral commodities are usually

mined, at least in the early development phase, at the sur-

face. Since the 1920s, geophysical and subsurface methods

have largely replaced surface observation in oil and gas

exploration (Figure 10-7). The near total reliance of the oi

and gas industry on geophysical data is made apparent b)

noting that, by 1974, the typical petroleum company spen

over 90 percent of its exploration budget Ior geophysica

surveys and less than 10 percent for related exploratior

research, a small part of which included surface observa

tions (Siegel, 1974, p. 230). The petroleum test site investi

gation therefore required a step backward in exploratiol

thinking. The conceptual model, or perhaps more accu

rately the strategy employed in the processing, analysis

interpretation, and evaluation of remote sensing data, w_
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based on two of the earliest approaches used in petroleum

exploration (Figure 10-7):

(I) Seepage prospecting

(2) Surface geologic mapping

Remote sensing data were studied to determine their

utility for delineating surface lithoiogic and structural fea-

tures which might serve as clues to the presence of subsur-

face geological conditions that favor the formation and

accumulation of oil and gas. Surface indications of leaking

hydrocarbons were also sought.

B, Physical Basis of Geologic Remote Sensing

Two approaches are used for extracting geologic infor-

mation from remotely sensed data. The spectral approach

uses knowledge about the spectral properties of materials

to extract compositional information from remotely sensed

data. This approach is used principally in the analysis of

multispectral data. The photogeologic/photogeomorphic

approach uses knowledge about the weathering and ero-

sional characteristics of earth materials and their topo-

graphic expression to imply the presence of geological

structures at the Earth's surface and to project observed

structural relationships into the subsurface. Information

contained in an image produced from almost any type of

remote sensing data can be useful for photogeologic/pho-

togeomorphic analysis.

Laboratory spectral data have been used to establish the

physical basis for the remote determination of the compo-

sition of earth materials. Laboratory and field data enable

spectral theory to be related to remotely observed spectral

features of pure and mixed surface materials including

minerals, rocks, soils, and plants. This understanding of

remotely sensed spectral data has led to sensor designs and

image processing techniques that supply information

required for the solution of a wide variety of geologic map-

ping and oil and gas exploration problems.

The wavelengths of interest for geologic remote sensing

extend from approximately 0.4 #m to over 50 cm. The

absorption spectrum of the atmosphere in this region may
be divided into segments: ultraviolet, visible and near

infrared, short wavelength infrared, mid-infrared, and

microwave (Figure 10-9). Major atmospheric absorption
bands near 0.3, 0.9, 1.4, 1.9, 2.7, 4.2, 6.0, 9.5, and 15 to 900

#m render these wavelengths unsuitable for geologic remote

sensing. The physical basis for using available spectral

intervals for determining the composition of earth mate-

rials is presented by Goetz and Rowan (1981). Some

important characteristics of these spectral intervals are briefly
discussed below.
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Spectral reflectance data acquired between 0.5 and 1.1 #m
(visible and near infrared) may be used to determine

the presence or absence of iron-oxide-bearing minerals

(limonite, goethite, and hematite) in soils or rocks and the

presence or absence of vegetation. The presence of Fe ÷3-

bearing minerals may be inferred from measurements of

the absorption band which affects the 0.4- to 0.6-_tm inter-
val. The Fe ÷2to Fe +3electronic transition may be inferred

by its absorption band, which lies between 0.8 and i.0 p_m.

The presence of vegetation is inferred from chlorophyll

absorption bands located at 0.45 and 0.65 _m.

Spectral reflectance data acquired between 1.0 and 2.5/zm

(short wavelength infrared) may be used to determine the

presence or absence of hydrous minerals (such as clays,
micas, and some oxides and sulfates) and carbonate min-

erals (calcite and dolomite) in soils and rocks and also to

determine the state and vigor of vegetation. Important

absorption bands occurring in this wavelength region are

associated with hydroxyl ions (near 2.2 t_m, 2.3 _m, and the

short wavelength wing of a 2.77-/zm absorption band which

extends to 2.0 _m). A strong carbonate absorption band

occurs near 2.35 /_m. A broad absorption band which is

attributed to leaf water content in vegetation affects the

entire !.5- to 2.5-_m interval. The depth of this absorption

band can be related to plant vigor.

Spectral emission data acquired between 8 and 14 #m
(mid-infrared, sometimes referred to as thermal IR) can be

used to determine relative quartz content of soils and rocks.

Information regarding soil and rock thermal inertia, soil

moisture content, and vegetation vigor can also be obtained

from mid-infrared spectral data.

C. General Comparison o! Sensors

Figure 10-9 illustrates selected characteristics of the seven

sensors used at all three petroleum test sites. The passive

microwave imaging system (PMIS), multifrequency micro-
wave radiometer (MFMR), and Fraunhofer Line Discrim-
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inator (FLD) were only used at selected test sites and are

not shown. The following general comparison of the sen-

sors shown in Figure 10-9 is based on petroleum test site
results. The technical characteristics of all sensors used in

the test case program are described in more detail in the

Technical Appendix, Section 14.

Sensors used at all three petroleum test sites acquired

data which varied in both spatial (ground) resolution and

wavelengths sampled. Spatial resolution, or instantaneous

field of view (IFOV), ranged from approximately 1 m for

color and false-color infrared aerial photography, to
approximately 25 m for Seasat radar data, and to 80 m for
Landsat MSS data. Intermediate resolution data of

approximately 15 m were obtained by the airborne Modu-

lar Multispectral Scanner (M2S), the NS-001 Thematic

Mapper Simulator multispectral scanner, and the X-band

radar system. The high spatial resolution of the aerial pho-

tography made it useful for delineating small features such

as individual rock outcrops, trees, and cultural elements.

Approximately !:12,000 23- by 23-cm (9- by 9-in.) prints

of the photographic data provided the best base for deter-

mining field locations in areas of low relief such as Patrick

Draw and Coyanosa. Geological analysis based upon aer-

ial photography was complicated by the limited coverage

of individual photographs, which were approximately 8 by

8 km (5 by 5 mi) in size. The coarser resolution and large
areal coverage of individual Landsat MSS and Seasat scenes
at scales of 1:200,000 to 1:500,000 made these data most

useful for regional geomorphic interpretations. This syn-
optic perspective helped place the individual test sites in a

regional structural/stratigraphic context. The intermediate

spatial resolution of M2S, NS-001, and X-band radar data

supplied information suitable for i:48,000 scale interpre-

tive maps covering the entire area of each test site.

As illustrated in Figure 10-9, most geologically useful

wavelengths were sampled in the test case program (rang-

ing from 0.33 _m for the first band of the M2S multispec-
tral scanner to 23.5 cm for Seasat L-band radar). Color

and false-color infrared photography, Landsat MSS, the
first ten bands of the M2S, and the first four bands of the

NS-001 provided spectral information in the visible and

near infrared that was useful for mapping iron oxides and

vegetation at all of the test sites. Short wavelength infra-

red data were acquired only by bands 5, 6, and 7 of the

NS-001. These bands provided information about the dis-

tribution of hydrous and carbonate minerals at Coyanosa

and Patrick Draw and information regarding areal varia-

tions in vegetation type and/or vigor at all three test sites.
Data from the short wavelength infrared NS-00I bands,

which measure variations in leaf water content, were espe-

ciaily useful at Lost River for mapping 10 vegetation classes
throughout the test site.

Band 11 of the M2S and band 8 of the NS-001 acquired

daytime mid-infrared data at all of the test sites. Images

produced from these data were most useful at Lost River
where NS-001 band 8 data were used for structural inter-

pretations. Day-night M2S band 11 data were used to pro-

duce thermal inertia images (see Kahle et al., 1981, for a

discussion of this type of image) for Patrick Draw and

Coyanosa. These images did not provide any new
information.

The active microwave data provided by Seasat L-band

and aircraft X-band radar were useful for geomorphic
analysis at Lost River, but provided little new information

at Patrick Draw and Coyanosa. The extreme geometric

distortion (layover) problem precluded direct transfer of

Lost River Seasat image interpretations onto a topographic
base, thereby limiting the value of these data. In all cases,

radar data provided less information than equivalent reso-

lution multispectral data. The chief benefit of the radar

systems-providing topographic information in areas of
cloud cover-was never realized at the test sites because

topographic data were available and weather conditions

made acquisition of multispectral data possible.

Photographic and radar data were obtained in analog

(film) format, while multispectral data were obtained in

digital (magnetic tape) format. Data in digital format were

entered into the computer for processing, comparison, and

merging with other digital data sets. Radar data were digi-

tized prior to computer analysis. The digitization process

was time consuming and resulted in some degradation of

original data quality. No attempt was made to digitize
photographic data.

Seasat L-band and Landsat MSS data were acquired from

satellite platforms at altitudes of 800 and 915 km, respec-

tively. All other data were acquired from aircraft flown at

altitudes ranging from 5 km (photographic and multispec-
tral scanner data) to 18 km (aircraft X-band radar data).

The effects of platform/altitude variations were apparent

in the analysis of remote sensing data. Satellite platforms

are more stable than aircraft. Aircraft-acquired multispec-
tral data, therefore, required significant geometric rectifi-

cation for registration to a cartographic base. This procedure

is both computer and personnel intensive. For this reason,

such a geometric rectification was only accomplished for
one NS-001 data set for Patrick Draw.

The aircraft multispectral instruments scan (sweep) a field

of view of 100 ° during data acquisition (aircraft nadir
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+_50°). The Landsat MSS sensor only scans 12°. Because

of their higher scan angle and lower altitude, aircraft-

acquired multispectral data were more affected by atmo-

spheric and solar illumination variations than were satel-

lite-acquired data. At all petroleum sites, these effects

resulted in a scan direction gradient (a progressive change

in brightness from one side of the image to the other) in

the aircraft spectral data. This artifact had to be removed

from the image data prior to spectral interpretation. Gra-

dient removal procedures used for the test site study were

both computer and personnel time intensive, but yielded

satisfactory results at Patrick Draw and Lost River. In the

case of Coyanosa NS-001 data, several attempts at gra-

dient removal yielded unsatisfactory results. Patrick Draw

and Lost River multispectral data were acquired along flight

lines that were essentially parallel (approximately north-
south) to the solar illumination direction (solar azimuth).

The fact that Coyanosa data were acquired along flight lines
transverse (approximately east-west) to the solar azimuth

apparently exacerbated the gradient problem.

Landsat MSS data were obtained at 64 gray levels, while

aircraft multispectral data were acquired at 256 gray levels.

This theoretical four-fold-improved-precision of NS-001 data

compared to MSS data was never practically used in anal-

yses during the test case study. The spectral characteristics

of surface materials occurring in the three test sites were
determined by over 500 field and laboratory spectral mea-

surements. These data were used to calculate equivalent

NS-001 band reflectance values and to identify any

absorption bands of interest. The maximum range in

reflectance determined for any NS-001 band was 74 per-

cent for band 6 (Figure 10-9) at Patrick Draw. The mini-
mum depth of any identified absorption feature of interest

was approximately 1 percent. Based on these test site spe-

cific observations, 74 gray levels would probably have been

sufficient for the spectral characterization of the test sites

with scanner data. Although narrower and more numerous

than MSS bands, the eight NS-001 bands were still too broad

to take practical advantage of the four-fold increase in pre-

cision (256 versus 64 gray levels).

The petroleum test case results demonstrate that the

NS-001 and Landsat MSS multispectral scanners supplied

the most useful information for geologic mapping and oil
and gas exploration. The recognition of the superior infor-

mation content of NS-001 data early in the test site studies

resulted in subsequent emphasis on these data in process-

ing, analysis, and interpretation. Additionally, because the

NS-001 scanner was designed to simulate data acquired by

the next generation of Landsat sensors-the Landsat 4

Thematic Mapper (TM)-test site participants were inter-

ested in these data. Participants saw the opportunity to

preview Landsat 4 TM data. For these reasons image pro-

cessing, information extraction, and model development

emphasized NS-001 multispectral data.

D. Processing

Digital image processing, a major field of research

involving mathematics, statistics, and computer technol-

ogy, is used to manipulate and combine large sets of mul-

tispectral and other data to produce images amenable to
interpretation. (For additional information, refer to Goetz

and Rowan, 1981, and Reeves, 1975.) Some of the more

important image processing methods applied during the

petroleum test site investigation are briefly introduced here.

Specific image processing programs used in the test case

program are documented in the Technical Appendix, Sec-
tion 14. Examples from the petroleum test site studies of

image processing methods used to solve specific explora-
tion problems are provided in Paragraph E.

Digital image processing methods used in the petroleum

test site investigations include stretching to enhance image

contrast, spatial filtering to enhance ("high pass") or

diminish ("low pass") image tonal/textural boundaries, and

band ratioing to enhance the image expression of spectral

absorption features or to facilitate the display of many
variables on a single image (data compression). Statistical

image transformations, such as principal components anal-

ysis, were performed to simultaneously analyze the varia-

bility of data from many bands. Supervised classification

procedures, such as discriminant analysis, were used to

produce thematic image maps showing the distribution of

rock units (geology), soil units (pedology), or plants (botany).

E. Information Extraction

The purpose of acquiring, processing, and interpreting

remote sensing data during the petroleum site investiga-

tions was to evaluate the usefulness of remote sensing data

in areas containing known deposits of oil and gas. A trained

analyst, with an understanding of the physical basis of

remote sensing data acquisition, processing, and interpre-

tation supported by image processing facilities, can extract

information from raw remote sensing data. A geologist,
trained in remote sensing and with a knowledge of the

regional geology, geomorphology, and soil and vegetation

types can then produce images (maps) designed to display

information required to solve a specific exploration prob-

lem and provide legends for the thematic image maps. For

the petroleum test site studies, the required maps (images)
should display surface clues to the existence of the known

subsurface hydrocarbon accumulations.
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Because of differences in test site size, setting, and par-

ticipants, analytical methods were not uniform for all test

sites. Readers who compare the specific results obtained at

one test site to those obtained at another should keep this

aspect of the investigation in mind. For example, the Coy-
anosa test site was seven times larger than Lost River and

four times larger than Patrick Draw (Table 10-1). The

Patrick Draw study had over 30 participants, while Lost

River and Coyanosa studies together had fewer than 20

participants. By far, the highest participation density was

at Patrick Draw and the lowest was at Coyanosa.

The results obtained at a test site were determined by

whether a specific approach was selected for use at that

site. Vegetation density mapping procedures used at Patrick
Draw and lineament density analysis procedures used at

Lost River, although equally applicable, were not used at

Coyanosa. Soil gas surveys, which successfully demon-

strated hydrocarbon microseepage at Patrick Draw, were

not used at Lost River or Coyanosa. Vegetation commu-

nity mapping procedures used at Lost River were never

attempted at Patrick Draw or Coyanosa. The temporal effect

of variability in sparse vegetation on multispectral data was

evaluated at Coyanosa, but was not attempted at Patrick

Draw. An analysis of spectral changes resulting from bed-

rock-induced changes in overlying residual soil and vege-

tation conducted at Patrick Draw was not attempted at either

Coyanosa or Lost River.

Because of these differences, the three petroleum test site

reports should be viewed as a package. Together they illus-

trate the type of information and approaches to informa-

tion extraction available for geologic remote sensing in

petroleum exploration. Examples of specific approaches to

information extraction and significant results are summa-

rized according to the type of new and useful information

obtained: structural geology, soil/stratigraphic mapping, and

geobotany.

1. Structural geology. The chief structural application of

remote sensing data at the three test sites was to delineate

surface structures. The location of a potential subsurface

structural target can be inferred from its surface expres-

sion. This application of remote sensing data in the recon-

naissance phase of oil and gas exploration has been well

established (Halbouty, 1976, 1980). Additionally, surface
structural information obtained from remote sensing data

was used to economize field sampling for soil geochemical

surveys conducted at Patrick Draw. Specific results of the

structural analysis of remote sensing data verified their utility
for delineating both previously mapped and unmapped

surface structures and demonstrated some novel analytical

approaches.

Subtle folds were mapped on the east margin of the Rocky

Mountains at Patrick Draw, Wyoming. Images produced

from topographically registered NS-001 data were inter-

preted at 1:48,000 scale to detect any subtle structures in
the test site area. Individual thin sandstone beds were traced

throughout the area. With the aid of elevation data, these

bedding plane traces were used to determine dip and strike

throughout the test site. This information revealed several

previously unmapped folds. Examination of stereo aerial

photographs and observations in the field confirmed the
existence of these subtle structures which have limbs that

dip only 1° to 3° and are therefore difficult to identify with

limited field dip and strike measurements alone. The avail-

able well log data for the Patrick Draw oil field do not con-
firm the existence of these minor flexures in the subsurface.

Although oil field productive limits are best defined by

stratigraphic variations, these results nevertheless demon-

strate the utility of remote sensing methods for mapping
subtle folds.

Areal variations in fracture density were mapped in the

Appalachian fold belt at Lost River, West Virginia. Linear

discontinuities in the tone or texture of remotely sensed

images, referred to as lineaments, may represent the sur-

face expression of subsurface faults and joints (fractures)

(Hodgson, 1974). A lineament study was conducted at Lost

River to evaluate operator and image bias in lineament

interpretation and to develop efficient methods of linea-

ment analysis for locating potential fractured reservoir

targets. Analysis of 1:500,000 Landsat MSS image

interpretations prepared by independent interpreters

demonstrated that subjectivity in recognizing individual

lineaments may be obviated by mapping areal variations

in lineament density (number of lineaments/unit area). Such

maps show the Lost River gas field located beneath an area

of high-surface lineament density. Lineament density maps
at 1:48,000, derived from NS-001 data processed to enhance

specific lineament trends, yielded lineament density iso-

pleths which mimic subsurface structural contours on the

reservoir of the Lost River gas field.

Deep-seated subsurface structural discontinuities were

mapped according to their surface geomorphic expression
in the Permian Basin at Coyanosa, Texas. Photogeo-

morphic interpretation of 1:500,000 scale Landsat MSS
images and 1:48,000 NS-001 images revealed spatial corre-

lations between subtle anomalous drainages and subsur-

face structures. Many anomalously straight drainages

coincide with major faults identified in the subsurface; sev-

eral anomalously arcuate drainages coincide with domes
and horst blocks identified in the subsurface. These fea-

tures were not previously shown in published geologic maps

of the area, apparently because of difficulty in field map-
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ping due to the extremely low topographic relief and pau-
city of bedrock exposures which characterize the Permian
Basin.

These examples demonstrate the utility of available
remote sensing methods for detecting the subtle surface

expression of potential subsurface traps. At all three test
sites, new structural information was obtained from the

analysis of remotely sensed data. Small-scale 1:500,000
satellite image interpretations can be used in regional anal-

ysis to target subareas for detailed evaluation using 1:48,000
aircraft data. The potential of these smaller exploration

targets can then be evaluated with conventional field geo-

logical, geochemical, and geophysical surveys, improving
their efficiency and effectiveness. Furthermore, informa-

tion regarding bedrock fracture geometry determined from

lineament density analysis should be valuable in siting

development wells and planning reservoir stimulation

operations.

2. Soil/stratigraphic mapping. The chief soil/strati-

graphic mapping application of remote sensing data in the

test case investigation was the use of multispectral data to

delineate surface geomorphic and spectral units that could

be related to bedrock stratigraphy. Image interpretations

at the three test sites demonstrate the capability of map-

ping established bedrock units and defining new lithostra-

tigraphic units with the aid of multispectral data. Changes

in bedrock lithology are expressed by remotely detectable

changes in soil mineralogy, vegetation density and compo-

sition, and topography. Image analysis results from Patrick

Draw provide an example of the type of stratigraphic
information obtainable from multispectral data.

Strata in the Patrick Draw test site are poorly exposed.

Rare exposures seen in the field are a monotonous sequence
of drab-colored shales, mudstones, and sandstones which

are laterally discontinuous. For these reasons, field map-

ping bedrock units in the area is difficult. Early interpreta-
tions of NS-001 Thematic Mapper Simulator images

revealed what appeared to be an unmapped stratigraphic
unit that could be traced through the entire test site. Evalu-

ations of published soil maps, laboratory and field spectral

and mineralogical analyses, and observations in a trench

traversing the unit confirmed the lithostratigraphic validity
of the unit and demonstrated that its image expression was

the result of the following characteristics:

(!) The unit is less resistant and generally finer grained

than adjacent units. It is gypsiferous, includes the

thickest and highest stratigraphic occurrence of coal,
and is characterized by calcite-cemented sandstones.

(2) Residual soils above the unit are grass-bearing, gyp-

siferous clay loams, while soils over adjacent units

are sage-bearing sandy loams.

(3) Reflectance in all NS-001 bands is higher for the unit

than for adjacent strata. NS-001 band-ratio values

for the unit indicate absorption features attributable

to kaolinite, montmorillonite, jarosite, and gypsum.

These and other test site results demonstrate the value of

multispectral data for detailed stratigraphic analysis. Mul-

tispectral measurements are sensitive to subtle vegetation

and mineralogical changes not otherwise readily discern-
ible. With the aid of ancillary field and laboratory spectral

data and mineralogical analysis of residual soils, image

spectral units can be related to bedrock stratigraphy.

3. Geobotany. The chief geobotanical applications of

remote sensing in the test case investigation were the use of

multispectral data to facilitate the vegetation mapping pro-

cess, to evaluate the effects of vegetation in sensor data,

and to identify areas of anomalous vegetation attributable

to hydrocarbon seepage. Significant results obtained in the

three petroleum test site studies are described below:

(1) Interior sage-grassland community mapping was

performed at Patrick Draw, Wyoming. NS-001 data
were used as variables in a supervised classification

computer analysis to produce an accurate map of

percent vegetation cover in a 350-kin 2 area. The first
seven NS-001 bands were used as variables for the

classification. This procedure proved to be both time
and cost effective and resulted in a map of vegeta-

tion density that could not have been produced using
conventional field botanical methods. The resulting

vegetation density map and field observations

revealed normal variability in plant density and ver-
ified the existence of an area of abnormally low veg-

etation cover which had been first recognized in earlier

NS-001 images. The area of abnormally low vegeta-
tion cover is characterized by stunted sage and a lack

of associated grass cover, which surface geochemical

data indicate may be a response to hydrocarbon

seepage from the gas cap of the Patrick Draw
reservoir.

(2) Deciduous forest community mapping was per-

formed at Lost River, West Virginia. NS-001 data

were used as variables in discriminant function/

supervised classification computer analyses to pro-

duce accurate maps of 10 vegetation communities in
a 200-km 2 area. Five NS-001 bands and band ratios

were found most useful for mapping vegetation

communities: 6, 2/5, 4/5, 5, and 2/6. This procedure
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(3)

proved to be a time- and cost-effective means of

mapping vegetation, which would have been impos-

sible using conventional field botanical mapping

methods. The resulting vegetation map of the test

site revealed normal variability of plant distribution

and delineated two areas of abnormal maple con-

centration. The abnormal maple concentrations may

be a response to hydrocarbon seepage from the res-
ervoir of the Lost River gas field.

Sonoran mesquite-desert community mapping, with

spatial and temporal variability, was performed at

Coyanosa, Texas. Analysis of multitemporal Land-

sat MSS color-infrared composite images revealed

spatial variations in vegetative cover and vigor cor-

related to annual, seasonal, and local variability in

precipitation in a 1400-km 2area.

These examples demonstrate the potential utility of
available multispectral remote sensing systems for detect-

ing subtle vegetation changes associated with hydrocar-

bons leaking from subsurface oil and gas accumulations.

Additionally, the potential geobotanical utility of multi-

spectral sensor systems with greater spectral resolution than

systems presently available has been demonstrated (Col-
lins et al., 1981). Collins and his coworkers showed that

subtle changes in plant spectra due to geochemical stress

can be identified with a high-resolution, experimental air-

borne spectrometer. The geobotanical utility of multispec-

tral remote sensing data should therefore find broad

application in oil and gas exploration and also in other fields

of geological research, renewable resource management,

environmental monitoring, and atmospheric science
research.

VII. Exploration Model Development

Much of the site characterization and image analysis effort
in the three petroleum test site investigations was aimed at

the development of exploration models that use remote

sensing methods to "directly" detect subsurface oil and gas

accumulations. If a subsurface oil or gas accumulation leaks,

the leakage may be detected in remotely sensed data because

of associated alteration of surface materials (soil, exposed

rock, and vegetation). Interest in such a high technology

approach to seepage prospecting was stimulated by research

results published at the time the three test site investiga-

tions were started (for example, see Davis, 1977; Donovan

and Dalziel, 1977; Ferguson, 1975: Roberts et al., 1977;
Saunders, 1979).

Test site efforts addressing the direct detection approach

resulted in two empirical models based on observations

made at Patrick Draw and Lost River. The two models are

illustrated in Figures 10-10 and 10-11.

The reservoir sandstone of the Patrick Draw oil field

pinches out to the west (Figure 10-10a). A western shale

facies and overlying shales result in closure for this strati-

graphic trap. If it is assumed that the shale cap rock does

not have a permeability of absolute zero, reservoir fluids

must leak from the Patrick Draw reservoir. Leaking hydro-

carbon compounds reaching the surface should locally alter

soil chemistry and may be expressed by detectable geo-

chemical/spectral changes at the surface. A soil gas survey

revealed anomalously high hydrocarbon concentrations in

soils overlying the gas cap of the Patrick Draw reservoir

(Figure 10-10b). Anomalously high soft helium and zinc

concentrations and high soil pH values were also measured

over the gas cap. A tonal anomaly identified in NS-001

images corresponds with this area of anomalous soil geo-

chemistry (Figure 10-10b). Field observations, spectral

analysis, and laboratory botanical studies demonstrate that

the image tonal anomaly is caused by a decrease in vegeta-

tion density and stunting of sage in the anomaly area.

Detailed study of the sage indicates that the stunted condi-

tion has been chronic, existing over the life span of local

sage (over 90 years), and is symptomatic of a zinc defi-

ciency caused by low zinc availability to the sage resulting

from high soil pH. These empirical correlations (gas cap

area, high hydrocarbon soil gas concentration, high soil pH,

high soil zinc, low zinc availability to sage, stunted sage,

and multispectral tonal anomaly) suggest an exploration

model for seepage prospecting in this type of semiarid
environment.

The reservoir sandstone of the Lost River gas field has

secondary fracture porosity�permeability. Overlying shales
result in closure for this anticlinal trap (Figure 10-I la). If

it is assumed that fractures cutting the reservoir sandstone

must also penetrate the overlying shale cap rock, gas must

leak from the Lost River reservoir. Areal variations in image

lineament density (assumed to be the surface expression of

subsurface fractures) suggest that this is the case (Para-
graph VI.E). Based on the regional tectonic style, fractures

should dip to the east and, therefore, fractures cutting the
reservoir should intersect the surface as lineaments to the

west of the reservoir (Figure 10-1 lb). A soil elemental geo-

chemical survey suggests anomalously high soil manganese
concentrations in the area of maximum lineament density.

Hydrogen-sulfide-rich springs also occur in the area of high

image lineament density. Vegetation maps of the test site

area, prepared using NS-001 multispectral data, demon-

strate that local anomalous maple concentrations, con-
firmed by field observations, also characterize the area of

high lineament density (Figure 10-1 lc). A soil microbe sur-
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Figure 10-10. Diagrammatic Illustrations of the empirical remote sensing exploration model

developed in the Patrick Draw, Wyoming, teat site study
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vey did not find any evidence of hydrocarbon leakage in

the test site area, but the results were questionable due to

the composition of reservoir fluids. These observations lead

to the hypothesis that hydrocarbon and hydrogen sulfide

gases leak from the Lost River reservoir along fractures

expressed at the surface as lineaments. Seepage results in

local changes in soil geochemistry which affect vegetation.

Research in vegetation tolerance to methane seeping from

artificial landfills demonstrates that, of the tree species

occurring at Lost River, maples are the most methane tol-
erant (Flower et al., 1981; Leone et al., 1977, 1979).

According to Flower and coworkers, maples are tolerant of

the low soil oxygen, carbon dioxide, and water in regions

where these fluids are displaced by seeping methane gas

(inferred soil geochemistry, Figure 10-11b). These empiri-
cal correlations (subsurface fractured gas reservoir, area of

high lineament density, and area of anomalous maple con-

centration) suggest an exploration model for seepage pros-

pecting in this type of temperate environment.

Both of these results suggest that (1) some reservoirs leak,

(2) this leakage results in alteration of soils and vegetation,
and (3) this alteration can be detected with NS-001 data. A

satisfactory geochemical explanation, which integrates all
the observations and inferences summarized in Figures

I0-10 and I0-11, has not been formulated. Although sug-

gestive correlations have been documented, cause-effect

relationships of leaking reservoir hydrocarbons to soil

hydrocarbons to soil geochemical alteration to anomalous

vegetation have not been proven. Therefore, the proposed

models should be considered working models applicable to

their respective sites. Hydrocarbon surface seepage may have

entirely different expressions in other geological, environ-

mental, and climatic settings. A thorough physical expla-
nation of these relationships requires basic research that

does not presently exist and is beyond the scope of the

present investigation. Additional basic research is required

before unequivocal conclusions regarding the direct

hydrocarbon detection problem can be made.

and are capable of determining prospective exploration

targets for further analysis and/or drilling. Production

operations can incorporate detailed information obtained
from remote sensing data for more effective development

drilling programs, particularly in fractured reservoirs. The

results demonstrate that, in those areas where geologic, soil,

and vegetation information exists, remote sensing data can

provide a detailed data base for surficial, structural, strati-

graphic, and geochemical/geobotanical analyses of direct

value in hydrocarbon exploration. Furthermore, in regions

where ground data are limited or lacking, remote sensing

data can provide cost effective and timely geologic
information.

Remote sensing data are internally consistent, objective,

and uninterpreted physical measurements. Their objectiv-
ity and their grid-sampling nature make remote sensing

measurements a unique type of geological observation or

geophysical survey. These raw data can be computer pro-

cessed to enhance and display in map form surface fea-

tures of interest to the exploration geologist. They are, thus,

a primary and versatile data base which can contribute sig-

nificantly to the assessment of the hydrocarbon potential
of an area.

Existing remote sensing data sets have already had sig-

nificant impact upon hydrocarbon exploration. To derive

the maximum benefit from remote sensing data, the user

must understand their physical meaning and recognize both

their strengths and their limitations. Remote sensing meth-

ods are another tool to be added to those routinely used

today in exploration. The effective incorporation of remotely

sensed data into the overall exploration program requires

the constant involvement of a skilled geologist. The appli-

cation of remote sensing methods to the solution of specific
exploration problems requires broad knowledge of the

geologic setting of the site studied, incorporation of any

existing geophysical and/or subsurface information, as well

as geomorphic, pedologic, and botanical characteristics of
the site.

VIII. Conclusions and Recommendations

Remote sensing data provide useful information which
can be incorporated into all stages of hydrocarbon explo-

ration in a wide variety of geologic and climatic settings.

The ability to delineate regional, structural, and strati-

graphic features as well as to provide a data base for more
detailed studies, and in some cases to provide geochemi-

cai/geobotanical information for the direct detection of

leaking hydrocarbons, makes existing and future remote
sensing systems valuable exploration tools. Remote sens-

ing methods can be efficiently used to evaluate large areas

Structural geologic features are readily evident in most

remote sensing images. These include previously mapped

as well as unmapped structures. Landsat MSS images, with
80-m resolution, exhibit the regional structural framework,

particularly at the 1:200,000-1:500,000 scale. Structural

interpretation of these data is useful in determining basin

boundaries and configurations and can be of particular value
in basin evolution studies.

Detailed analysis of N S-001 images can be used to iden-

tify subtle structural exploration targets at the 1:48,000 scale.

Landsat 4 TM images, with 30-m resolution, should exhibit

10-22



structural features at an equivalent scale. The user of these

data must be aware of the illumination aspect of a specific

image so that structural features, which may be enhanced

or suppressed, can be properly interpreted.

Fracture (lineament) density analysis is of particular

exploration value in areas where reservoirs are created by

secondary fracture porosity and permeability. To effec-

tively delineate specific prospect areas, the regional tec-

tonic style and the orientation of potential stress directions

must be known in conjunction with the approximate depth

to potential reservoir horizons. The test site results suggest
the feasibility of combining detailed fracture analyses from

images with actual fracture identifications from subsurface

well data to provide information for effective development

drilling and well stimulation in regions containing frac-
tured reservoirs.

During the test site investigation it became evident that

in many cases geologic, soil, and vegetation information
available for the three test sites was often insufficient to

fully evaluate image interpretations. The necessary data

commonly did not exist either in the open literature or in

the information made available by exploration companies

participating in the Project. Since the only means of evalu-

ating the validity of image interpretations was by compari-

sot. with information acquired from other sources, further

site characterization including both field and laboratory

analyses, became an important aspect of the Project. Even
with these additional data, the available information was

often inadequate to unambiguously evaluate the image

interpretation results. One example of this aspect of the
Project is that of structural interpretations of Coyanosa

image data. Not all faults identified in the photogeo-

morphic interpretations could be evaluated with certainty

because of inadequate surface and subsurface geological

data. This problem, however, clearly illustrates one of the

strengths of remote sensing methods. The exploration

geologist's attention can be focused on inadequately or

possibly incorrectly mapped areas, which require further

geological/geophysical evaluation.

The ability to use NS-001 data to discriminate previ-

ously mapped as well as unmapped lithostratigraphic units

will provide new information for hydrocarbon exploration.

This will be of particular value along the margins of basins

for constructing regional depositional models which describe

the presence, thickness, and distribution of prospective res-

ervoir facies. When this information is extrapolated to depth

and tied to existing subsurface data, the ability to identify

potential stratigraphic traps should be significantly
improved. Furthermore, detailed stratigraphic information

will help determine the thickness, areal extent, and volume

of hydrocarbon source rocks. These are important criteria

for assessing the hydrocarbon potential of a basin. Strati-

graphic information will be of value in determining the

basinai sedimentary history, which combined with struc-

tural data can assist in determining the timing of hydrocar-

bon generation, potential migration paths, and prospective

trap locations. The ability to map weathered surface mate-
rials/soils in detail can provide information on where to

apply surface velocity corrections used for processing seismic
reflection data.

The value of identifying "tonal anomalies" in multispec-

tral images, presumed to result from hydrocarbon seepage,

was investigated. In attempts to understand the physical
causes of tonal anomalies and the value of their delinea-

tion for hydrocarbon exploration, it became clear that

knowledge of the complex surface geochemical-geobotan-

ical systems is insufficient. Evaluation of a tonal anomaly

over the subsurface gas cap at Patrick Draw revealed the

existence of a previously unrecognized area of stressed

vegetation. The relationship of this feature to surface alter-

ation associated with hydrocarbon leakage was suggested

by further geochemical-geobotanical studies. A subtle

geochemical-geobotanical anomaly was also suggested over

the gas accumulation at the heavily vegetated Lost River

test site. Tonal anomalies at Coyanosa showed no demon-

strable relationship to hydrocarbon seepage. In all cases,

increased spectral and spatial resolution provided by NS-

001 data yielded enhanced delineation and characteriza-

tion of tonal anomalies compared with Landsat MSS data.

A crucial factor in the successful exploration application

of tonal anomaly mapping will be the ability to determine

which features are related to hydrocarbon occurrences. This

will require a better understanding of the cause of tonal

anomalies and the formulation of exploration models for

their evaluation and integration with other exploration data

sets. This will require some fundamental research into the

spectral characteristics of earth materials including soils,

exposed rocks, and vegetation.

In evaluations of geological remote sensing data, the dis-

tinction is commonly made between rock-type identifica-

tion and rock-type discrimination. Analysts find that they

cannot identify but can discriminate rocks with remotely

sensed data. The term "identification" is synonymous with

determination of rock mineralogy and "discrimination" is

synonymous with the separation of rocks into distinct image

tonal classes that represent unknown rock types. A critical

future remote sensing research problem is the develop-
ment of classifications of earth materials based on remote

sensing parameters, i.e., their spectral reflectance and emit-

tance, thermal inertia, and radar scattering properties.
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Identification first requires a meaningful classification.

Rock identification means applying rock names to earth
materials. The name used is selected from a list (classifica-

tion) based on the type of rock characteristics observed, on

an understanding of the cause of the observed characteris-
tics, and on the purpose of the study (Ham and Pray, 1961).

Remote sensing techniques cannot identify image tonal
units until classifications of earth materials based on their

remote sensing characteristics exist. Research aimed at

developing such classifications is essential. Presently avail-
able rock classifications were tailored for use by geologists

making conventional observations and not for making

remote sensing measurements. Rock-type identification with
remote sensing measurements is an impossible task if the

constraints inherent in presently available classifications are

applied to remote sensing data.

Based on the petroleum test case studies, three critical
elements involved in remote sensing rock-type classifica-

tion research are:

(1) The acquisition of laboratory, field, and image spec-
tral data for rocks, soils, and vegetation in many
environments.

(2) The analysis of these spectral data by unsupervised

classification approaches to identify natural, spec-

trally defined classes of earth materials.

(3) The investigation of the bedrock-soil-vegetation-

atmosphere system (Figure 10-8) to determine the
causes of the class distinctions identified in item (2).

Only when a classification of earth materials based on

their remote sensing characteristics exists can analysts

directly make the step from rock-type discrimination to rock-

type identification. Without this, the step from discrimina-
tion to identification requires field studies at specific sites.

Geologic interpretation of remote sensing data for

petroleum exploration must be applied in the context of an

exploration model to be most effective. Two empirical
models resulted from the petroleum test site investigations.

One is applicable for exploration in densely vegetated,

deciduous forest terrain in a humid, temperate environ-

ment. The other is applicable for exploration in sparsely

vegetated, sage-grassland terrain in a semiarid environ-

ment. Both recognize that alteration of vegetation due to

soil chemistry changes caused by leaking hydrocarbons can

be detected with multispectral remote sensing methods. The

ability of advanced sensor systems to resolve detailed geo-

logic features with the aid of more sophisticated data pro-

cessing and image enhancement techniques will require

more elaborate exploration models to be developed and
evaluated in other environmental settings. Polar, coastal,

and tropical environments were not represented by the three

petroleum test sites. Future investigations should evaluate

the utility of geologic remote sensing for exploration in other

geological and environmental settings.

Geologic information obtained from advanced remote

sensing data will have an impact on exploration for com-
modities other than oil and gas. The improved spatial and

spectral resolution of Landsat 4 TM data compared with
Landsat MSS data will be of particular value. Detailed

lineament/fracture analyses from these data should be

applicable in exploration for other subsurface gases and

liquids such as carbon dioxide, helium, groundwater, and

geothermal fluids that are produced from fractured rocks.

The improved stratigraphic mapping potential of Land-
sat 4 TM data will be directly applicable in identifying and

assessing strata-bound and stratiform ore deposits includ-

ing copper, zinc, lead, silver, gold, uranium, iron, sulfates
and borates (Wolf, 1976), and other sedimentary resources
such as coal, oil shale, and tar sand. The identification of

potential geochemical and geobotanical alteration associ-
ated with these resources will be of additional exploration

value.

The ability to perform detailed vegetation community

mapping and vegetation cover density mapping will con-
tribute valuable new information to agriculture, forestry,

and rangeland studies. Additionally, multitemporal vege-
tation information could provide valuable data for moni-

toring cultural activity of all types.

As part of the petroleum test site program, geological,

geochemical, botanical, pedological, and aircraft and satel-
lite remote sensing data were acquired and analyzed. This

unique collection of information, documented in Sections

11, 12 and 13, makes the three petroleum test sites ideal

locations for testing new approaches to geological remote

sensing in the future.

In conclusion, the results of the petroleum test case pro-

gram are promising, but further research is necessary.
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Section 11

Patrick Draw, Wyoming,

Petroleum Test Site Report

I. Introduction

A. Site Selection and Objectives

The Patrick Draw, Wyoming, test site was selected to

evaluate the effectiveness of using remote sensing tech-

niques to detect nonstructural oil fields or stratigraphic traps.

Patrick Draw produces oil from a lens of sandstone sur-

rounded by shale and is a typical stratigraphic trap. Because

of their lack of structural closure, stratigraphic traps are

difficult to recognize by geophysical methods or by stan-

dard surface mapping techniques. Recent research has

indicated that microseepage of oil and gas can alter the

chemistry and mineralogy of surface rocks and soils and

can affect vegetation. If surface changes related to such

seepage are detectable by remote sensing, they could con-

stitute additional exploration criteria for finding both
structural and stratigraphic traps.

The Patrick Draw test site was selected for the following
reasons:

(1) The reported surface and subsurface geology of the

area is relatively simple and is reasonably well known

as a result of surface mapping and exploration and

production well drilling.

(2) Cultural disturbance in the area is limited to roads

and well sites, which improves the potential for

recognizing surface alteration effects.

(3) The area is accessible for fieldwork.

(4) The geology and oil occurrence are typical of much

of the Rocky Mountain region; therefore, results at

the test site may be widely applicable in this region.

(5) Earlier studies of Landsat Multispectral Scanner

(MSS) remote sensing data at Patrick Draw indi-

cated potential utility in exploration (Short, 1976).

B. Test Site Operations

This section describes in detail the investigations con-

ducted during this study. The study began with a review of

published and unpublished information and a reconnais-
sance field trip and overflight in a light airplane. This

information was used to plan traverses for sampling soil

and vegetation and for acquiring portable field reflectance

spectrometer measurements.

Initial remote sensing data consisted of color aerial pho-
tographs and Landsat multispectral data that were digi-

tally processed at JPL and by participating Geosat member

companies. Subsequently, NASA used the airborne NS-001

Thematic Mapper Simulator to acquire multispectral data

that were digitally processed at JPL. The U.S. Geological

Survey (USGS) acquired data with the airborne Fraunho-

fer Line Discriminator. Seasat radar data were also acquired.

Interpretation of images by various investigators defined

features that were checked on subsequent field trips to the
test site.

To evaluate the possibility of hydrocarbon microseep-

age, a major effort was made to acquire soil and soil gas
samples. These samples were analyzed at laboratories of

Geosat member companies.
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II. Geographic Setting

A. LocationandAccess

The Patrick Draw test site is in south-central Wyoming,

approximately 55 km (35 mi) east of the city of Rock Springs

(Figure 11-1). It encompasses approximately 400 km:

(160 mF) in township 18, 19, and 20 N, range 98 and 99 W,

Sweetwater County. The coordinates for the test site area

are iat. 41o45 ' N, long. 108o30 ' W; lat. 41042 ' N, long.

108 °22' W; lat. 4 ! °25' N, long. 108 °35' W; and lat. 41 °28' N,

long. 108040 ' W.

A system of dirt and paved oil field lease roads provides
access to most of the test site area from the Bitter Creek

and Patrick Draw offramps of Interstate Highway 80.

B. Climate

The test site is in a semiarid, intermontane basin typical

of western Wyoming. Winds in the area are strong and

persistent due to channeling of cold Arctic air through a
gap in the Continental Divide in central Wyoming. Sum-

mer daytime temperatures can exceed 32 ° C (90 ° F), but

PATRICK DRAW
CASPER

RAWLINSROCK SPRING,_

',\

N

o _1 mi f

/0 50kin

CHEYENNE

Figure 11-1. Map showingthe location of the Patrick Orawtest site
in south-central Wyoming

the mean annual temperature is only 5 ° C (40 ° F). Annual

precipitation is approximately 20 cm (8 in.), of which 40

percent is snow. Freezing temperatures may occur any time

of the year but, on the average, the last spring and the first
fall occurrences of freezing temperatures are 60 days apart

(Becker and Alyia, 1964).

C. Physiography

Elevations in the test site area range from 2200 m (6600

It) to almost 2400 m (7200 ft). Relief is low throughout

most of the area, except for the southern one-third where

nearly vertical cliffs form the northwest rim of resistant
marlstone, sandstone, and shale bluffs. The westernmost

edge of the area is badlands, composed of cuestas formed

by east-dipping, resistant sandstone beds.

The principal drainage in the area is Bitter Creek, a

perennial tributary of the Green River. Bitter Creek enters

the test site on the east-central margin and flows in a
northwesterly direction to Bitter Creek Station, where it

turns to the southwest, paralleling the Union Pacific Rail-

road bed. West of the test site, Bitter Creek appears super-

posed-it flows nearly due west and is incised in a direction

transverse to the axis of the Rock Springs Uplift.

III. Surface Geology

A. Introduction

All of Wyoming-including the Patrick Draw test site-

is located in the unstable foreland of the Rocky Mountains

and is flanked on the west by the Cordilleran geosynclinal

complex and on the east by the stable cratonic interior

(Figure 11-2).

The Patrick Draw oil field is located on the east limb of

the Rock Springs Uplift and is in the northwest Washakie

Basin, an intermontane subbasin of the greater Green River

Basin (Figure 11-3). Except for the transverse Uinta Uplift,
a feature of probable late Precambrian origin, all struc-

tures shown in Figure 1 I-3 are primarily the result of a tec-

tonic regime established during the late Cretaceous-Eocene

Laramide orogeny (Grose, 1972, p. 36). The stratigraphic
and structural evolution of the Patrick Draw test site is

therefore ultimately tied to the evolution of the Cordillera.

B. Previous Work

Geologic investigation of the Rocky Mountain region,
including the area of the Patrick Draw test site, had its

inception with the territorial surveys of Hayden, King, and

Powell during the period 1868 to 1878 (King, 1959, p. 93-

97). Interest in the coal and petroleum resource potential
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Figure 11-2. Map showing major structural subdivisions of the Cordil-
leran orogefl of the western Unitad States (Grose, 1972, Figure 1,
p. 37). The Patrick Draw test site Is In the unstable foreland of south-
central Wyoming.

of the area east of the Rock Springs Uplift spawned more

detailed work in the Patrick Draw region by Schultz (1909,

1910, 1920) and Sears and Bradley (1925). These early

studies defined the stratigraphic and structural framework

of the test site area.

Davis (1958) prepared a detailed stratigraphic analysis

of the Tertiary units exposed at Patrick Draw. Works by

Asquith (1970) and Weimer (1966) elucidated the Creta-

ceous through early Tertiary paleogeographic evolution of

the test site area.

Early petroleum development ol the Wamsutter Arch

area, including the Patrick Draw oil field, was described by

Ritzman (1961). Cox (1962) provided a detailed analysis of

the structure, stratigraphy, exploration strategy, and petro-

leum development history and potential of the region. A

comprehensive compendium of structural, stratigraphic,

reservoir, and discovery data for oil and gas fields of the

greater Green River Basin was published by the Wyoming

Geologic Association (1979). This publication includes data

for the Patrick Draw oil field (p. 274 277) as well as for

the neighboring Brady Deep North, Desert Springs, and

Table Rock fields. The origin of commercial gas accu-

mulations and the potential for future gas development

throughout the Washakie Basin were evaluated by McPeek

(1981).

Roehler (1977a) compiled a regional 1:120,000 geologic

map of the Rock Springs Uplift, which included the test

site area. A comprehensive integration of most published

and much unpublished geological information for the entire

U.S. Cordillera is provided in the Geologic Atlas qfthe Rock v

Mountain Region (Mallory, 1972).

C. Structural Evolution

Skeeters and Hale ( 1972, p. 274) recognize five Phanero-

zoic stages in the evolution of that portion of the Cordil-

leran orogen which includes the Patrick Draw test site:

(!) Paleozoic-Triassic. Stable shelf deposition in an epi-

continental sea on the west flank of the stable North

American Craton.

(2) Late Triassic-Jurassic. Fluctuating retreat of the epi-

continental sea.

(3) Cretaceous. Invasion by an epicontinental North

American interior seaway.

(4) Late Cretaceous. Onset of the Laramide orogeny;

coincident fluctuating retreat of the epicontinental

seaway and mountain building west of the test site.

(5) Paleocene-Eocene. Climax of Laramide orogeny,

presumably resulting from E-W compressional forces

having their origin in plate interaction on the east

Pacific margin (Dewey and Bird, 1970). Develop-

ment of present structures, including creation of

structural/topographic highs that provided detritus

for deposition in structural/topographic lows: onset

of paludal, lacustrine, and fluvial sedimentation that

continued into the Holocene.
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Figure 11-3. Structural contours on top of the Dakota showing major structural features of south-central Wyoming. The Patrick Draw test

site is on the east flank of the Rock Springs Uplift. Contours (in feet) on top of the Dakota; datum, sea level (Skeeters and Hale, 1972,

Figure 9, p. 275).

All structures shown in Figure 11-3 had their inception

during stage 5. The clastic sedimentary rocks exposed at

the surface and penetrated by drilling in the Patrick Draw

oil field were deposited, lithified, and deformed during this

critical stage of Cordilleran evolution. Additionally, the

petroleum produced in the test site area was generated, then
migrated, and finally was trapped in commercial reservoirs

during this period (McPeek, 1981).

The surface structure of the test site area has been mapped

(Figure 11-4) as a simple SE-dipping (20-5 °) homocline,

cut in the north by an east-trending normal fault of mini-

mal displacement.

D. Stratigraphy

Table 11-1 summarizes important stratigraphic units

exposed at the surface or penetrated by drilling in the Patrick

Draw test site. Some important characteristics of bedrock

units present in the test site are discussed below, in order

of decreasing age.
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Table11-1.Stratlgraphlcsummary,PatrickDrawtestsite:

Maximum
DescriptionAge Formation Thickness, m

Pleistocene- Soil and alluvium 20 _ Residual silty clay loams, eolian sand, fluvial sand and gravel, and playa

Holocene deposits

WasatchFonUnion _--I

Eocene

Paleocene

130 _' Nonmarine, lacustrine sandstone, shale, and marlstone; fossiliferous

430 _' Nonmarine, variegated, fluvial and lacustrine, silty sandstone and

argillaceous limestone: fossiliferous

400 h Nonmarine, fluvial shale, siltstone, calcareous sandstone, and coal

Lance

Fox Hills

Lewis

M Almond

E

S

A _

Late Ericson 150
Cretaceous

V

E

R

D Rock Springs 400

E

Blair

430 Nonmarine sandstone, carbonaceous shale, lignitic shale, and coal

120 Transitional massive sandstone

420 Marine shale, bentonite, and sandstone

130 Nonmarine sandstone, silty shale, carbonaceous shale, and coal

Includes the Patrick Draw reservoir sandstone

Nonmarine, massive sandstone and carbonaceous shale

Nonmadne, interbedded sandstone, siltstone, carbonaceous shale, and coal

G

R 600

O

U _

p Baxter 1200 Marine, soft, dark shale

"Compiled and modified from Asquith (1970), Cox 11962), Land (1972), and Roehler (1977b).

hUnits exposed at lhe surface in the test site area; others reported in the subsurface.

Transitional. silty shale and sandstone

1. Fort Union Formation. The drab-gray, fine- to
medium-grained, feldspathic, carbonate-cemented sand-

stones of this unit grade into arenaceous limestones and
are intercalated with mudstone, coal, and carbonaceous shale

(Davis, 1958). These fluvial deposits, derived from sur-

rounding Laramide-induced topographic highs, were

deposited in meander systems, floodplains, coal swamps,

and a freshwater lake complex centered in the eastern por-
tion of the Washakie Basin (McDonald, 1972). The contact

of the Fort Union with the underlying Lance is not exposed
in the test site area. The unit varies in thickness from

170 m (500 It) on the south end of the Rock Springs Uplift
to over 1500 m (4500 ft) northeast of the Wamsutter Arch
(McDonald, 1972).

2. Fort Union-Wasatch contact. The contact between the

Paleocene Fort Union Formation and the Eocene Hiawa-

tha Member of the Wasatch Formation has been mapped
in the central portion of the test site area (Figure 11-4).

The nature of this contact was described by Davis (1958,

p. 25), based on measured sections in and near the
Patrick Draw test site:

Lithologically, the Fort Union-Hiawatha contact may

be drawn at the top of the very calcareous units in the
Fort Union formation. It is usually necessary to be

somewhat arbitrary, for the contact is a gradational

one. The uppermost very calcareous units encoun-

tered in the Fort Union are relatively extensive lat-

erally and are at least two or three feet thick. The very

carbonaceous shales and coals appear within a very

short distance below the top bed of the Fort Union.

There are no carbonaceous beds of any consequence
in the lower Hiawatha Member.

Based on an analysis of this contact throughout the greater

Green River Basin, McDonald (1972, p. 248) states:

The contact of the upper Fort Union with the overly-

ing Wasatch is often difficult or even impossible to

ascertain .... The Wasatch generally displays more red
coloration and fewer coal beds than the more drab-

appearing Fort Union. Toward the basin interiors,

however, these criteria become indistinct in places, and
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geologists may vary several hundred feet in their

placement of the Wasatch-Paleocene boundary.

The problematic nature of this contact in the test site

area is demonstrated by differences in its location as mapped

by three workers (Figures 1 !-4, 11-5, and ! i-6). Poor expo-

sures and shallow dips make tracing the Wasatch-Fort
Union contact difficult. However, in the summer of 1980,

exposures in a 2.5-m (9-ft) deep gas pipeline trench pro-

vided the first opportunity to locally evaluate the detailed

bedrock stratigraphy of this contact, which otherwise is not

exposed in the test site area (Plate 11-1).

a. General #thologv. The trenched interval spans the Fort

Union-Wasatch contact as mapped by Roehler (Figure

11-4). The sequence may be divided into three informal

lithostratigraphic units, based on criteria described below

and shown in Figure I 1-7.

(1) 0-125 m, Fort Union Formation. Light greenish-gray

sandstone and claystone contain many intervals of

calcareous concretions that commonly coalesce,

forming resistant beds, some traceable along strike
up to 5 kin. Sandstones are generally fine- to medium-

grained, friable, and micaceous. Thin 15-cm (6-in,),

discontinuous, lignitic coal seams and carbonaceous

shale beds are common throughout.

(2) 125-220 m, Transition Member, Fort Union Forma-

tion. Dark greenish-gray claystone is tough, frac-

tured, and generally nonresistant. Gypsum fracture

filling is common in upper one-half of the unit. A

prominent, resistant, 5-m (16-ft) thick carbonate-
cemented sandstone bed, which commonly contains

septarian nodules, is at the top of the unit, and a

dark-gray, thin 15-cm (6-in.) marlstone bed is at the

base. Three thin, lignitic coal seams occur in the unit,
the thickest, 40 cm ([6 in.), near the base. This unit

includes the highest occurrence of coal and the high-

est occurrence of carbonate concretionary sandstone
beds.

(3) 220-275 m, Basal Wasatch Formation. This unit

includes a variegated sequence of sandstone, silt-

stone, claystone, and marlstone. Sandstones are typi-

cally sideritic and platy. Coal and carbonaceous shale

are not present; the unit lacks resistant, ledgeform-

ing concretionary sandstones.

b. Mineralogy based on X-ray diffraction (XRD). Min-

erals common to all units, in order of decreasing abun-
dance, are quartz, plagioclase (Ab 10-15), K-feldspar

(microcline), illite-vermiculite mixtures, calcite, and sider-

ite. Table ! 1-2 shows the distribution of the most diagnos-

N
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0 1 km
i i
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Figure 11-4. Published geologic map, Patrick Draw teM site (Ro,

ler, 1977a). The test site Is mapped as a SE-dlpplng homocllne

by a single east-trending normal lault of minimal displacement.
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Unit designations for Figures 11-4,11-5, and 11-6:

Tfu Paleocene, Fort Union Formation

Twin Eocene, Wasatch Formation, main body

Tglu Eocene, Green River Formation, Luman Tongue

Twn Eocene, Wasatch Formation, Nitand Tongue

Tgt Eocene, Green River Formation, Tlpton Tongue

Qa Plelsiocene.-Holocene, Alluvium

Y

Y

x"

Tw

Tw

Y
Tw

Tfu,

Ju

OUTLINE

s N OF APPROXIMATE

"o 1 mi _. PRODUCTIVE

'_ LIMITS OF
0 1 km PATRICK DRAW

I-...u OIL FIELD

Figure 11-6. Unpublished photogeologlc interpretation, Patrick Draw

test site (anonymous). Compare to Figures 11-4 and 11-5. Qa Is shown

with a dot pattern.
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a NOTE:

SUPERJACENT SOIL /

MINERALOGY a /

/ /

,jl
------------ SHALE-CLAYSTONE

I I :-: SANDSTONE
I

l I -4- MARL

t I • GYPSUM
I I

I I "_= _ CARBONACEOUS SHALE-

I SUBBITUMINOUS COAL
I I

i ] _ .:a:. CARBONATE CONCRETION ZONE

I m_'_'-" SILTSTONE
100-- RELATIVE CONCENTRATION:

I SIGNIFICANT

I 1 TYPICALLY PRESENT

i ABSENT OR INSIGNIFICANT

0

ONLY MINERALS HAVING ABSORPTION BANDS IN NS-O0)

CHANNELS AND VARIABLE IN CONCENTRATION BETWEEN
UNITS ARE SHOWN

Figure 11-7. Detailed bedrock stratigraphy and superJacenl residual soil mineralogy as observed in exposures in a gas pipeline trench. Units

recognized in the present study are compared to those mapped by Roehler (1977a).

Table 11-2. X-ray diffraction analysis results Illuslrall.g signllica.! mineralogical differences among Waaalch Formellon,

Transition Member, and Fort Union Formation

Mineral
Bedrock" Superjacent Soils"

Wasatch Transition Fort Union Wasatch Transition Fort Union

White mica 5 4 5 5 5 4

Chlorite 4 2 4 3

Kaolinite 1 3 2 2 1

Montmorillonite/lllite 1 1

Calcite 5 5 1 5 4 4

Hematite 1

Goethite 1 I

Jarosite 1

Gypsum 2 1 3 2 I

Siderite 3 I 2 2 2 2

7 - Very major

6 - Major
5- Minor

4- Minor to very minor

3- Very minor

2 - Minor to trace

1 - Trace
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tic minerals associated with each of the three units and their

superjacent soils. The relative concentrations shown are
based on a qualitative assessment of the relative size of

X-ray diffraction peaks.

Mineralogically, the Transition Member and Wasatch
Formation are distinct. The Fort Union Formation con-

tains many minerals found in both the Transition Member
and Wasatch Formation. but lacks the distinctive mineral
suite associated with each.

(1) Bedrock. Goethite is found only in the Wasatch For-

mation; montmoriilonite/illite in the Fort Union
Formation. Chlorite and siderite are most abundant

in the Wasatch Formation.

(2) Superjacent soil. Montmorillonite/illite and jarosite

are restricted to the Transition Member; goethite to
the Wasatch Formation; hematite to the Fort Union

Formation. Gypsum is found in the Wasatch For-
mation and Transition Member and is absent in the

Fort Union Formation. Kaolinite is present in the

Transition Member and Fort Union Formation"
chlorite in the Wasatch and Fort Union Formations.

Variations in superjacent soil elemental chemistry also
reflect the contact of the Fort Union Formation and the

Transition Member. Figure 11-8 summarizes soil elemen-

tal geochemical data obtained in a survey of the trench

line area (refer to Paragraph VII.E). Concentrations of

titanium, copper, zinc, and phosphorus have similar strati-

graphic trends. All have maxima in the Fort Union For-
mation and minima in the Wasatch Formation. Trends in

sodium and potassium exhibit minima in the Transition

Member. Iron increases downsection. Manganese varia-

tion is similar to that of iron, but displays a minimum at

the top of the Transition. This difference in iron and man-

ganese trends results in an iron-manganese ratio maxi-
mum in the Transition Member.

Some of these trends may be related to bedrock mineral-

ogy. The concentrations of sodium and potassium in

superjacent soil are a measure of the amount of feldspar in

I

"l-

tu .<

oted

Z 7

z o o_
i.u
U Z 7

,...i _ o12

< o o
D- _._ t.L

! !

U

20O+Z
0

Z

loo+

0 I

aNOTE: SCALE FOR EACH ELEMENT DISPLACED

SUPERJACENT SOIL ELEMENTAL GEOCHEMISTRY

INCREASE IN CONCENTRATION a

Figure 114. Detailed bedrock stratigraphy and superlacent residual soil elemental geochemistry. Compare to Figure 11-7.
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bedrock arkosic sandstone, and jarosite and montmorillon-
ite in associated soils. Iron concentration is related to the

distribution of jarosite, goethite, hematite, and siderite.

Calcium trends are related to the stratigraphic distribution

of gypsum, montmorillonite, feldspar, and calcite cement.

3. Wasatch Formation. This dominantly fluvial unit is

present throughout the greater Green River Basin. It reaches
its maximum thickness south of the test site, in a basin that

formed just north of the presumably active Eocene Uinta
Thrust Fault (McDonald, 1972, p. 255). Two members of

the Wasatch Formation are recognized in the test site area:

the Hiawatha Member and the Niland Tongue.

a. Hiawatha Member (Davis, 1958). This basal member

has also been referred to as the main body of the Wasatch

Formation by Roehler (1977b). It is poorly exposed in the

east-central part of the test site. The variegated sand-

stones, mudstones, and shales of this unit were deposited

in fluvial-deltaic environments on the margins of Eocene

Lake Gosiute (Bradley, 1964). One of the more character-
istic features of the unit is its locally red color: the "Red"
of the Red Desert Basin was derived from the color of

Wasatch outcrops there (McDonald, 1972). This unit is over

390 m (1280 It) thick in sections measured south of the test

site and contains two persistent, mappable, phosphatic ver-

tebrate fossil-bearing, marlstone marker beds (Roehler,
1977b).

b. Niland Tongue. This member is exposed in the south-

eastern part of the test site area, where it has a measured

thickness of over 120 m (375 ft) (Roehler, 1977b). It forms

a tongue of silty, sandy mudstone and mollusk-bearing

sandstone, which is overlain by the Tipton shale member

and underlain by the Luman Tongue of the Green River

Formation (Figure i !-9).

4. Green River Formation. This unit consists of light

greenish-gray, fine-grained sedimentary rocks that were

deposited in Eocene Lake Gosiute, which at times covered
the Green River, Red Desert, Sand Wash, and Washakie

Basins (Bradley, 1964). Two members are exposed in the
southeastern test site area: the Luman and the Tipton

Tongues.

a. Luman Tongue. This member is underlain by the

Hiawatha Member and overlain by the Niland Tongue of
the Wasatch Formation in the test site area. This brown,

resistant sandstone sequence is approximately 120 m (380
ft) thick (Roehler, 1977b).

b. Tipton Tongue. This member is underlain by the Niland

Tongue of the Wasatch and represents the highest strati-

graphic unit of the Patrick Draw test site. It is 15 m (45 ft)

thick in the area and is a drab-brown, flaky oil shale typi-

cal of the quiet, deeper water facies of the Green River
Formation (Roehler, 1977b).

IV. Subsurface Geology and Producing
Reservoir

A. Introduction

The Patrick Draw oil field is a stratigraphic trap that has

been affected by Tertiary deformation. Located on the

eastern flank of the Rock Springs Uplift, the field is south

of a broad structural nose, the Wamsutter Arch, extending

from the uplift (Figure i1-10). Extensional faults related to

the Rock Springs Uplift trend ENE-E and appear to cu_

the field in several places.

The oil-producing horizon at Patrick Draw (Figure 1 !-111

is a sandstone in the Upper Cretaceous Almond Forma.

tion of the Mesa Verde Group, at a depth of approximatel)

1700 m (5500 ft). There is a small updip gas cap. Approxi.
mately 250 wells in the field produce 42-degree API oil

The oil has a high associated gas content; most produce_

gas is reinjected into the gas cap for reservoir pressur,

maintenance. The estimated ultimate production for th,

field is approximately 1.2 x 10_bbl.

B. Discovery

The field was discovered in 1959 by exploration geok

gists who observed that the gas-producing sandstones pre_
ent in the subsurface at Table Rock field (to the east) wet

not present on the Rock Springs Uplift (to the west). The
correctly deduced that these sandstones must pinch ot

between the Table Rock field and the Rock Springs Uplif

Because the section dips 4 ° to 5° to the east and only g;

was present at Table Rock, it was assumed that gas migl
have driven oil updip to the west where the producir

sandstones apparently pinch out (Cox, 1962).

C. Reservoir Stratigraphy

Regionally, the marine shale of the Lewis Formatic
overlies the reservoir sandstones of the Almond Formati_

(Table 11-1) and provides a cap for the Patrick Draw rc

ervoir sandstone. The generalized lithofacies map (Figu

11-12) shows the relationship of the producing Almol

sandstones and their environment of deposition. Stra

graphic relationships indicate that these producing san

stones were deposited in barrier bar or delta environmen

Deeper water neritic shales and siltstones, presumably t
source beds, apparently bordered the sandstones on the e_

To the west, impermeable coastal plain claystones provi
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Figure 11-9, Generalized E-W stratigraphlc diagram Illustrating the interfingerlng relationship of the Green River and Wasatch Formations
(Davis, 1958, Figure 4, p. 8)

a lateral seal to the oil that migrated from the neritic shales

into the reservoir barrier bar sandstones (Weimer, [966).

The Patrick Draw reservoir sandstone trends generally

north and has a maximum width of about 6 km (4 mi)

(Figure 11-13). The updip parts are tight, however, and the

productive part is about 3 km (2 mi) wide and 16 km (10

mi) long. It occurs at the top of the dominantly nonmarine

Almond Formation, which consists of coal, carbonaceous

shale, siltstone, and thin lenticular sandstones. There are a

few thin interbeds of marine shale and siltstone in the upper

part of the Almond Formation that pinch out in a land-

ward (northwest) direction.

The reservoir sandstone is overlain by the marine Lewis

shale with a sharp contact. Commonly, the bar sandstone

is capped by a few feet of oyster-coquina limestone that is

tight and resistive on electric logs, as shown in Gulf 6

Chorney State Well of cross-section A-A' (Figure l 1-14).

On the isolith map of the Patrick Draw reservoir sandstone

(Figure ! i-13), there is a narrow NW-trending belt of little

or no sandstone that is filled with oyster-coquina lime-

stone, as shown in Forest Oil 39-13-7 Arch Unit Well of

cross-section B-B' (Figure 11-14). This coquina belt is tight
and forms a fluid barrier since the oil-water contact is at

different elevations on opposite sides. In a landward

(northwest) direction, the Patrick Draw reservoir sand-

stone pinches out into nonmarine shale and coal of the

Almond Formation. The bar sandstone persists in a basin-

ward (southeast) direction, although it is thinner and appears

to intertongue with marine shale. The Patrick Draw reser-

voir was a barrier between the coal swamp environment

and the open marine environment.
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Figure 11-11. Regional W-E structural cross section from surface exposures of the Almond Formation to the Patrick Draw and Table Rock fields

(Weimer, 1966, Figure 3, p. 2152).

Northward the bar sandstone pinches out into the Almond

Formation. There are additional separate lenticular sand-

stones in the Almond Formation north of the pinchout of
the Patrick Draw reservoir sandstone. Similar lenticular

sandstones occur at the Almond Formation outcrops on
the Rock Springs Uplift about 20 km (12 mi) west of the
north end of the field.

The distribution pattern of the Patrick Draw reservoir

sandstone is irregular (Figure i1-14). The Patrick Draw

reservoir apparently consists of a number of individual

sandstones with a coquina-filled channel cutting across the
trend.

The shales of the Upper Cretaceous Lewis Formation
mark a marine transgression over the Almond Formation.

The Lewis is overlain by the Fox Hills and Lance Forma-

tions (Table 11-1), which were deposited during the final

marine regression in Late Cretaceous time. The Paleocene

Fort Union and Eocene Wasatch Formations complete the
subsurface section.

V. Vegetation

A. Introduction

Vegetation is an important factor in the total surface
reflectance recorded by imaging sensors. Even in semiarid

regions, such as Patrick Draw, vegetation strongly influ-

ences the spectral response of imaging sensors. In addition,

vegetation can be sensitive to subtle variations in soil

chemistry. It was, therefore, considered essential that vege-
tation in the test site area be examined for variations in

species and concentration.

Most of the contrasts in vegetation observed in a recon-

naissance survey correlate with soil type, slope, and soil

moisture. Consequently, if petroleum-related vegetation

anomalies are present at Patrick Draw, they should appear

as subtle second-order effects. Species and subspecies iden-
tifications and quantitative cover and condition estimates

are required to detect such subtle differences.

A complete survey of vegetation in the area was desired,

but the cost and time required for such a project were con-

sidered prohibitive. Therefore, selected sites that would

provide a reasonable representation were surveyed and

sampled within the Patrick Draw test site. The intent was

to cross correlate results from geologic and soil maps, soil

chemistry, laboratory and field spectral analyses, and vege-

tation samples, and to use image data as a base for extrap-

olation of the vegetation information from point sample
localities to other areas.
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B. Collection and Interpretation of Vegetation Data

During the summers of 1979 and 1980, 19 stations in the

Patrick Draw test site area were selected for vegetation

analysis (Figure 11-15). These sites were relatively undis-

turbed (i.e., free from recent oil drilling activity, steep slopes,

stream cuts, etc.), and local vegetation cover was more or

less homogeneous. Five of these sites-Al0, AI4, AI8, A19,

and A20-were located on a S-N traverse extending over

the length of the Patrick Draw oil field. Seven sites-El0,
El4, El5, El7, El8, El9, and E21-were located on an

E-W line crossing the northern portion of the field. The

primary objective of these analyses was to determine
vegetation type and percent cover.

l. Assessment of shrubby and semishrubby vegetation. In
August and September 1979 and in May and June 1980,

the shrubby and semishrubby vegetation at each of the 19
sites was collected and identified. Percent cover was calcu-

lated for all species at each site (Table I I-3).

Cover estimates were made using the line-intercept

method of vegetation sampling (Mueller Dumbois and

Ellenberg, 1974). The line-intercept method is a standard
sampling method used for shrubby vegetation or vegeta-

tion with a well-defined canopy. The method is both accu-
rate and efficient in areas where shrubs or semishrubs

dominate. At each site, a 50-m tape was tightly stretched
across the tops of the shrubby vegetation in several com-

pass directions. The intervals intercepted by the canopies

of each shrubby species were measured and recorded. Total

intervals intercepted by all shrubby species were summed

and then used to calculate total percent cover.

Ten shrubby and semishrubby species were collected and
identified at the 19 stations sampled (Table 11-3). Taxo-

nomic identification of plant specimens was made using

Dorn's Manual of the Vascular Plants of H):oming (1977).

For comparison to the vegetation data presented in the
Bureau of Land Management (BLM) soil map (Plate

I 1-2), the 10 shrubby or semishrubby species and their
common names are listed below:

,4 rtemisia tridentam,

subsp, tridentata
A rtemLria tridentata,

subsp, w)'omingensis
('hrvsothamnus nauseosus

Chrvsolhamnus viscid!florus

,4 triplex gardneri J
Eurotia lanata

A trtplex cot{/_,rtiJblia j

Sarcobatus vermiculatus

Tetradvmia canto'tens J

Opuntia po!vacantha

Common Big Sagebrush

W)oming Big Sagebrush

Rabbit Brush

Rabbit Brush

Saltbush or Shad Scale

Winterfat

Saltbrush or Shad Scale

Greasewood

Horsebrush

Prickly Pear Cactus

ICharacteristic of alkaline conditions and/or dry, rocky soils.

A simple chemical analysis was used on all collected

specimens of A rtemisia tridentata to facilitate field identifi-

cation of the three subspecies occurring in the region: tri-

dentata, vasevana, and wyomingensis. The method used is

that reported by Stevens and McArthur (1974). This method

was selected over others (such as chromatography) because

it is quick and inexpensive. The results of the chemical

analyses indicated that all specimens of Artemisia triden-

tara were A rtemisia tridentata, subsp, wyomingensis.

Samples of the dominant shrubby vegetation were also

collected at I ! sites and sent to Barringer Resources, Inc.,

for elemental analysis. The results of these analyses are given

in Table 11-4. Based on these limited data. no chemically

anomalous samples were identified.

2. Assessment of herbaceous vegetation. In May and June

1980, the herbaceous vegetation at each of the 19 sites was
collected; 22 species were identified (Table l 1-3).

The Daubenmire (1959) canopy-coverage method of

vegetation sampling was used for cover estimates. This

canopy-coverage method is particularly useful in western

grasslands where the vegetation is of low stature and indi-

vidual plants often lack a well-defined canopy. A quadrat

is placed on the ground at several locations at each sam-

pling site. The percent cover of each species within the

quadrat is visually estimated and recorded. The values at

each location at a site are then averaged to yield an esti-

mate of the percent cover for each species at the site.

C. Results of Vegetation Sampling

Although the data obtained at the 19 vegetation stations
represent only a small portion of the test site area, several

observations were made regarding species distribution,

species diversity, and percent vegetation cover.

I. Species distribution. Of 32 species collected from the

area, four are restricted to the known oil-producing area:

(])

(2)

Artemi_ia pedatifida was found only at sites El4 and

AIg, in the northern part of the producing area.

Astragalus purshii was collected only at sites El8 and
El9, in the northern Patrick Draw field.

(3) Xvlorhiza glahriuscula was found only at sites AI9
and A20. This species is a known selenium indicator

plant.

(4) Sarcohatus vermiculatus (greasewood) was collected
at three sites-BI5, BI7, and BI9. Greasewood is an

indicator of highly alkaline soils.

11-15



\ A
: of

_-'_ ,[el
0 _

_ \'_
4'

\ "a
I

,//

(
\

/ ,
/ /

/-/-
/ /

/ /
/ ,

/

Z BX_

___ _°

_q_.,

/1 el _. .

17 I" I1"

"_1 _

-- STRUCTURE CONTOURS ON TOP OF MESA VERDE
GROUP. CONTOUR INTERVAL =500ft

-- ISOLITH CONTOURS OF PATRICK DRAW SANDSTONE.
CONTOUR INTERVAL = 10 ft

-- APPROXIMATE PRODUCTIVE LIMITS

WE LL STATUS (1964)

"_ PRODUCTIVE GAS

• PRODUCTIVE OIL

+ ABANDONED DRY HOLE

GAS INJECTION WELL

Figure 11-13. Map showing structure contours on top of Mesa Verde, and isolith of Patrick Draw reservoir sandstone (furnished by F. Sabtns,

Chevron Oil Field Research)

11-16



-- t

m

,,c _

!_)_e_ ooo-T---_

_"_ • 00_
4_

m_

C:_ • ^

,c_c

_'_

x

_. },\ \

×_

\ <

\', ,x,

F:!*®i_
s_i _7

i "

.......l

::.i?
'7"b",.',

_,,', c-_,

_P

e.
o

ti

,5

Zg

.__ ,-

i|

fT
_'_
tD _,.

.__

"r,

,-,1

U.

11-17



R99W

E21

E17

/
i

/

i t
/

/ AIO

E15
• • A19

E14 • •

•A18

Be6

898W T
20
N

T
19

N

84

T
18
N

N
0 1 mi

0 1 km

816
• VEGETATION ANALYSIS

SITES

Figure 11-15. Index map showing the locations of sites selected for

vegetation analysis, Patrick Draw test site. Outline of the productive

limits (solid line) and oil-gas contact (dashed line) are also shown.

Site B24 is located near the center of an area of anomalous stunted

sage (Iobulate outline).

Four other species occur both inside and outside the

producing area. but are more abundant within the field:

(i) Agropyron smithii was collected at six sites: five (A 10,

BI6, B21, El4, and El5) within the producing field
and one (EIO) outside the field.

(2) Arlemisia _pinescens was collected at six sites: five
(Al8, AI9, A20, BI5, and BI6) within the field and

one (ElO) outside the field.

(3) Hordeumjubatum was collected at l0 sites: eight (AIO,
A14, Al9, A20, BI5, Bl6, B17, and B19) within the

field and two (ElO and E21) outside the field.

(4) Orv:opsis hymenoides was collected at 11 sites: eight
(A10, A14, A19, A20, B16, B21, El4, and El5) within

the field and three (B4, El0, and El8) outside the

field.

Artemisia tridentata, subsp, w),omingensis, the dominant

shrub throughout most of the area, proved to be the only

species common to all sites. The high values for percen

cover recorded at sites El7 and El8 (39.8 and 42.7 percent

are attributed to the normal increase in vegetation cover i_
a broad drainage area.

2, Species diversity. The number of species identified a
a site is a measure of species diversity. For the 19 sites ana

lyzed in the Patrick Draw area, the diversity of species:

generally greater within the producing area than outsid

the area (Table 11-5). This relationship probably reflec_

the general coincidence of the area of production with ou'

crops of and soils derived from a nonresistant bedrock uni

Apparently, this unit generally parallels Patrick Draw,

more easily eroded than the flanking resistant bedrock unil

and is more amenable to the development of soils cond'

cive to a more diverse plant community.

3, Vegetation cover. Data from the 19 vegetation sit

indicate vegetation cover for the area ranges from 25 to '

percent (Table 1 !-5). This range includes both herbaceo

and shrubby cover types. Because herbaceous cover is mc
seasonally controlled than shrubby cover, and the valu

for herbaceous cover percentage used in this study we

obtained during their peak (May and June), the low ve/_
tation value of 25 percent is probably somewhat high. T

low cover value of approximately 5 percent, associated w:

shrubby vegetation alone (Table ! 1-5), is therefore a m(

realistic value for minimal vegetation cover in the Parr:

Draw test site area. The spectral influence of 5 to 59 p

cent vegetation cover must be considered in the analysis

remote sensing data for the Patrick Draw test site.

Vl. Soils

Because of the cold, dry, and windy climate, soils in

Patrick Draw test site are generally immature, Wh

exposed, they are subject to rapid erosion (1) by wind,
(2) by water during the occasional torrential rains wt

accompany thunderstorms. Most soils are genetically rel_

to the subjacent bedrock. Areaily, bedrock exposures

relatively insignificant. Residual soils are typically s

loams. Significant local variation exists in both the text

and chemistry of soils in the test site area. Local conditi

may favor the development of evaporite crusts on surf_

in low-lying areas and deposits of transported eolian,

in areas sheltered from the prevailing wind.

The Rock Springs office of the Bureau of Land Man;

merit completed a soil mapping project covering a

Sweetwater County in August 1981. The mapped
included the Patrick Draw test site. Plate 11-2 is a 1:48

soil map of the test site taken from the BLM's ori_
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Table 11-4. Chemical analysiso! vegetationsamplesby Lasertrace_

Siteb.values in ppm
Element d

A)4 B4 Bl4 BI7 BI9 B24 E15 E17 E18 EI9 E2I

Aluminum 1760 3070 1330 247 224 2640 3030 782 566 1030 1050

Calcium 5400 5440 5400 6840 4830 4690 4920 4920 5240 2930 3360

Chromium 5.8 9. f 3.4 2.( 2.0 7.5 8.2 2.4 (.6 3.4 4.2
Cobalt 1.1 1.8 1.7 3.7 1.9 .<0.5 1.4 1.6 2.1 1.2 2.3

Copper 7.4 I 1.8 8.4 6.4 7.0 10.8 8.1 8.5 8.5 6.7 7.2
Iron 1370 2320 875 161 145 1910 2220 572 275 791 791
Lead 3 6 4 i 4 t0 3 5 6 7 8

Magnesium 1590 2180 1720 1700 2220 1740 1390 1320 1450 1280 1380

Manganese 63.5 70.8 56.1 140 174 68,1 85.9 44.0 47.8 65.8 55.8
Nickel 4.1 4.9 2.7 1.4 1.3 3.5 4. I 1.9 2.0 1.8 2.5

Phosphorus 1350 1430 1740 1200 1240 1230 1210 1530 1760 960 {240
Potassium 11700 12100 12900 15200 11400 14900 11700 10400 13600 10100 10700

Sodium 968 368 1540 68500 87600 431 322 574 368 300 455

Strontium 41 43 29 22 10 34 32 23 22 22 27

Titanium 17 47 |0 5 5 46 37 t7 [ 14 25

Vanadium 2.78 4.85 2.21 0.83 0.65 4.46 5.12 1.58 1.24 2.03 2.02

Zinc 14,3 20,1 22,0 93 7,6 21,7 18,0 25.8 24,0 J5.5 14.9

_Lasenrace is a registered trademark of BarringerResources, Inc.
_Silver,beryllium, cadmium, molybdenum, thorium, and zirconium were also analyzed, but concentrations were below Lasenrace* resolution.
bArleme, ri_2tridentata, subsp. _¢yamdngettsLr,wassampled and analyzed at all sites. In addition, Sarcalmtus verrniculaluswas sampled and analyzed at sites
BI7 and BI9.

1:24,000 map. Tables 11-6 and 11-7 were compiled from

the explanatory text accompanying the BLM map.

A review of these data shows that over 60 soil units were

mapped in the test site area. These units are separable on

the basis of over 30 physical, chemical, and botanical criteria.

Most soils are residual in genesis and are clay-loams in

texture. Most transported soils are eolian in genesis and

sandy-silty loams in texture. Eolian soils, designated with

a stipple pattern in Plate 11-2, are most prevalent in gener-

ally linear, E-W-trending areas in the east-central portion

of the test site area. The only gravelly soil in the area (unit

465) is confined to terrace deposits associated with the Bit-

ter Creek drainage. Many of the soils are alkaline, but only
soils 450 and 344 were described as being, in part, strongly

alkaline. The immaturity of soils is supported by the fact
that all alkaline soils are associated with calcareous shale

bedrock.

If evaluated in conjunction with the vegetation survey

results, the data included in Table I 1-7 provide insight inlo
major vegetation community distribution patterns. The

dominant vegetation communities are shrub grassland and

upland salt desert. The wet meadow community is restricted

to the upper Bitter Creek drainage; the lowland salt desel

community is most prevalent in the lower Bitter Cree

drainage, near the western edge of the test site. Based o
associated soil, the species most tolerant of chemicall

inhospitable substrates are greasewood, gardner saltbrusl
and bottlebrush squirreltail. These are the only specie

present in the playa soils of unit 400, Strongly alkaline so_

typically do not support large sagebrush.

VII. Special Field/Laboratory Investigations

A. Introduction

Several investigations were conducted to identify a_
changes in surface materials (soils and vegetation) that mi,a

be caused by the migration of hydrocarbons from the Patr

Draw reservoir. The following paragraphs review the res_

of these studies, which included a detailed field/laborat_

evaluation of anomalous vegetation and geochemical sl

veys in the test site area. The geochemical surveys includ

a local soil pH survey in the vicinity of anomalous vege

lion and soil hydrocarbon gas, soil helium gas, soil elem_

tal geochemistry, and soil carbon isotope surveys of

entire test site area. A review of principles, methods, a
results of similar studies conducted elsewhere for expk
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Table 11-5. Summary of major vegetation types and percenl cover at selected sites in lhe Patrick Draw area

Station
Site

AI0 AI4 AI8 AI9 A20 B4 BI5 BI6 B17 B19 B21 B24 El0 El4 El5 El7 El8 El9 E21
Max. Min. X o

Shabby
specaes,
number

Shrubby
COVET, 7o

Herbaceous
species,
number

Herbaceous
cover, %

Herbaceous %/
shrubby %
Total
species,
number

Total
vegetation
cover, %

6 2 2 4 2 5 4 4 3 5 5 2 5 6 7 2 2 3 2

5.3 15.1 12.7 13.6 5.3 16.6 36.4 11.7 39.7 38.8 4.8 18.8 6.9 23.6 14.1 43.1 43.7 28.1 25.5

7 4 6 7 10 9 2 9 2 2 6 4 10 6 8 3 6 6 6

20.3 15.4 20.0 23.3 27.9 18.2 8.4 14.7 1.9 9.5 23.4 6.1 26.6 9.7 29.6 16.1 15.6 20.3 12.4

4.0 0.5 1.6 0.6 5.3 1.1 0.2 1.3 0.1 0.3 4.9 0.3 3,9 0.4 2.1 0.4 0.4 0.7 0.5

13 6 8 I1 12 14 6 13 5 7 11 6 15 12 15 5 8 9 8

25.4 30.5 32.7 36.9 33.2 34.8 44.8 26.4 41.6 48.3 28.2 24.9 33.5 33.3 43.7 59.2 59.3 48A 37.9

7" 2 3.7 1.7

43.7 4.8 21.2 13.5

10 2 6.00 2.6

29.6 1.9 16.8 7.6

5.3 0.1 15 1.7

15 5 9.7 3.4

59.3 24.9 38.0 10.4

X -Mean
o -Standard deviation

tion is provided by Siegel (1974). Additional background

information and references to similar studies reported else-

where are provided in each of the following discussions.

B. Analysis of an Area of Abnormal Stunted Sage

1. Introduction. As a result of field examination of a

tonal anomaly first recognized in a preliminary analysis of

aircraft-acquired multispectral data, an area of abnormal

stunted sage was recognized in the Patrick Draw test site.

Figure il-16 is a normal-color aerial photograph acquired

at the same time as the multispectral data in which this

tonal anomaly was first recognized (October 1978). The

boundary of the multispectral tonal anomaly that corre-

sponds to the distribution of anomalous stunted sage is not

detectable in normal-color photography, black-and-white

photography, or infrared color photography. The tonal

anomaly is barely detectable on Landsat MSS images that

were carefully processed with preknowledge of the loca-

tion of the anomaly.

This tonal anomaly encompasses approximately 5 km -_

(2 mi-') of sections 14, 15, 16, 21, 22 and 23, TI9N, R99W

(Figure l l-17). The location corresponds approximately to

the center of the gas cap of the underlying Patrick Draw

reservoir (Plate !1-1). The only vegetation control site (B24,

Figure 11-15) that lies within this area is located in an area

where the vegetation is in better condition than in most of

the anomalous area. Site B24 was located specifically to

avoid areas of stunted sage, which were initially thought to

represent areas damaged by fire. Consequently, the vegeta-

tion data collected at this station are unfortunately not rep-

resentative of the stunted vegetation and offer little insight

into its character and origin.

To evaluate the possibility that this vegetation anomaly

is a microseepage-induced feature, considerable effort was

spent in examining this area. The following discussions

summarize the results of this analysis.

2. Field characteristics

a. General description. Field inspection of the area was

made after the anomaly was first observed on NS-001

Landsat 4 Thematic Mapper Simulator data in 1979. Peri-

odic checks of the area were conducted by various test site

team members during the period June 1979 to February

1982. By careful field comparison of sites within and out-

side the anomaly area, it was determined that the chief

contrast was in vegetation condition (Figure 11-18). Gen-

erally, sage within the anomalous area is smaller, less dense,

and less vigorous than that in the surrounding area. Sage

bushes in the anomalous area appear darker due to the

restriction of active growth to branch tips. Areas between

individual sage bushes are poorer in herbaceous ground

cover and they also have a higher density of deep rills than

equivalent sites outside the anomalous area. Typically,

individual stunted sage bushes occupy elevated mounds,

approximately 35 cm (14 in.) high and approximately the

same diameter as the sage. Rare "islands" of apparently

healthy sage, up to 30 m (90 ft) in diameter, are scattered

throughout the anomalous area and are most common on

its margin.
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Figure11-16.Aerialphotograph,acquiredOctober19,1978,showingtheoutlineoftheareaofanomalousstuntedsageasrecognizedinNS-001
mullispectraldataacquiredatthesametime.Thisanomalousareaisnotrecognizable in this or other aerial photographic data.
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_igure 11-17. Area of anomalous stunted sage: (a) location map; (b) topographic profile. Sample sites for soil pH survey are also shown. Under-

ned pH values are mean values for three closely spaced sample sites. Maximum pH value recorded in this survey was 8.55 for a sample in the

uite obtained at location 8,40.
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(a)

(b)

Figure11-18.Groundphotographs:(a) normal sage;(b) anomalous
stuntedsage

Figures 1[-16 and l l-17(b) show that the boundary of

the anomalous area coincides on the south with a prom/-

nant drainage and on the west with a subtle decrease in
slope apparently associated with a subcropping resistant
Fort Union sandstone lens. The northern and eastern

boundaries of the anomaly arc less well defined

topographically.

h. SoiLs'. Soils in the anomalous area were mapped as

unit 450 b,_' the BLM (Plate 11-21. The southern boundary

of the area of stunted sage correspond,_ approximately to

the southern boundary of a large area characterized by this
soil unit. General characteristics of the soil unit are sum-

marized in Tables l l-6 and 11-7. The f'ollowing in{i_rma-

tion, extracted from the descriptive text accompanying the

BLM soil map {1981), gives further insight into the char-
acteristics of soils in the anomalous area:

450-Neosh-Bittercreek complex, [ to 8 percent slopes.

This map unit is on gently sloping upland plains. Slopes

are smooth. The native vegetation is mainly shrub

grassland. Elevation is 6500 to 7300 feet.

Also included are small areas of Sagecreek in concave

swales and Haterton, strongly alkaline, soils on con-

vex surfaces. These inclusions make up about 25 per-

cent of total acreage. The percentage varies from one
area to another.

The Haterton, strongly alkaline soi_ is shallow and well
drained. It formed in residuum derived dominantly

from shale. Typically', the surface laver is pale yellow
loam about 4 inches thick. The substratum is pale yel-
low loam about 8 inches thick over soft, calcareous

shale. Depth It) shale bedrock ranges from 10 to 20
inches.

Permeability of the Haterton. strongly alkaline soil i,,

moderate. Available water capacity is about 1.6 to 3..6

inches. EffEctive rooting depth is 10 to 20 inches. Run

off" is medium to rapid, and the hazard of water ero
sign is moderate to severe.

Based on lield observations during the present investiga

tion, soils on the islands of nonstunted sage within th

anomalous area appear to be coarser in texture than soil

in stunted sage terrain. A comparison to eolian soils mappe

by the BLM in the test site area lends credence to the intm

pretation that these islands occur in areas of stabilize
windblown soils within the mapped area of Neosh Bittc

creek complex soils.

c. Recotmaissam'e soil pH .rto'rer. To evaluate the poss

bility of an,,,' soil pH variation associated with the anom

Ious area. a limited soil pH survey was c, mducted dum
the summer of 1980. The resuJts of this survey are summ

rized in Figure t I- 17.

A total of 33 pH samples were collected at 23 sites,
outside the anomalous area and 13 inside the area. /

samples were analyzed in the laboratory, at least twice, usi

standard soil pH analysis procedures as described by F_

et al, ( 1980, p. 73 77), The greatest variation between r.

licate runs of the same sample was 0.1 pH units.

To summarize the results of this limited soil pH surve,

(1) The range of pH values inside the anomalous a
was 6.90 to 8.55 (mean, 7.60).

(2) The range of pH values outside the anomalous a
was 6.45 to 7.50 (mean, 6.90).
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(3) Six soil samples obtained from healthy islands in the

anomalous area had pH values ranging from 6.70 to

7.60 (mean, 7.10). Five adjacent samples (within 7 m

[20 ft]) in anomalous sage terrain had pH values

ranging from 7.40 to 8.55 (mean, 8.00).

Apparently, alkaline soil conditions are associated with

the anomalous area. Figure 11-19 summarizes the reported

potential effect of such pH variation on nutrient uptake by'
plants.

d, Results _?[soil gas and elemental geochemistt 7" surveys.

Soil gas (hydrocarbon and helium) and soil elemental geo-

chemistry, surveys conducted during the test site investiga-

tion (discussed in detail in Paragraphs VII.CA and ViI.E

of this section) suggest anomalous soil conditions in this
area:

(1) The most anomalously high soil hydrocarbon gas

sample (R47, Plate 11-1) is located in the approxi-
mate center of the stunted sage terrain.

(2) The highest soil helium concentration was obtained

l\)r a sample (H31, Plate l 1-1) from the approximate

center of the stunted sage terrain.

(3) Anomalously high concentrations of titanium, vana-

dium, copper, and zinc, and low concentrations of

calcium and magnesium are associated with soil

samples obtained from stunted sage terrain.

3. Anatomy of stunted sage from Patrick Draw test

site. Nineteen specimens of sage (,4rtemisia tridenlala, subsp.

w romingensis) were sampled on September 4, 1981 and

February 13-14, 1982. Both normal and stunted sage spec-
imens, consisting of branch tips (15 to 25 cm in length},

branch (stem) segments, main trunks, and leaves, were col-

lected and placed in plastic bags, which were then sealed.

Initially', the specimens were studied with a stereo dissect-

ing microscope. Typical leaves, stems, and trunks were then
hand-sectioned with a razor blade and the thin sections (20

to 50 ,urn thick} studied at higher magnifications. The fol-

lowing observations were made.

a. Leq/anaton!r. In comparison with normal sage leaves

collected outside the area of anomalous stunted sage. thc
leaves from stunted specimens differ in a number of ways

(Figure 11-20), The leaves from stunted specimens are

smaller than leaves from healthy sage (8 mm versus I l mm}.

possess poorly developed palisade layers, have underde-

veloped intercellular spaces between mesophyll cells, and

lack development of extraxylary fibers in the vascular

bundles (veins). The cells of the mesophyll are densely,

cytoplasmic and dark green. The covering of trichomes

(epidermal hairs) is much heavier than that seen in the

normal leaves. This syndrome of characters indicates that,
based on anatomical structure, these leaves are immature.

However, only, the oldest leaves (those farthest from the

stem tip) were sampled in both the healthy, and stunted

specimens. If older leaves were produced on the stunted

sage plants, they had abscissed prior to the time of collection.

Leaf morphology is essentially the same in both healthy

and stunted specimens: however, the leaves of the stunted

sage tend to be less lobed than those of the healthy sage.
No evidence of chlorosis was seen in the stunted leaves,
but this characteristic would be difficult to detect due to

the heavy' trichome cover associated with these specimens.

The small, stunted leaves are clustered in rosette patterns

at the tips of short lateral branches. There are far fewer

leaves per branch as well. The overall effect of these fea-

tures is to expose more branch (stem and bark} surface on

the stunted sage (when compared to the normal branch_
leaf ratio). In the field, in addition to more visible branch,

more soil or undergrowth (ground cover) would be seen as
well. The combined effects of fewer leaves, stunted leaf

development, and heavier trichome cover appears to explain

the dark color of stunted sage as observed in the field,

tO. H'ood analomr. In an exanlination of the abnormal

sage stem section (Figure 11-21}, the following observa-

lions were made. In comparison with normal sage wood,

the individual growth rings are narrower (an average of

14.8 rings cm versus 10.5 rings cm in the health\ sage).
with fewer and smaller cells. Individual vessel elements

within the growth rings have narrower tangential diame-

ters and thinner wails. The libers within each growth ring

have a lower degree of optical activip, (when viewed with

crossed Nicols) and are suggestive of possessing gelatinous
walls (this same feature is seen in some normal sage stems).
Fewer vascular rays a.re seen.

Examination of growth rings in sections from two stunted

sage specimens revealed that the stunted eft'cot can be traced

back for a total number of 95 growth rings. If it is assumed

that one growth ring is produced per year. the factors caus-

ing stunted growth have had an inltucnce for 95 years (dat-

ing back to 1887). It is possible that a few false annual

rings occur (due to several wet and dr', seasons within a

one-year period) in the sectioned specimens, but that would
be an unusual condition. Comparison of these stem sec-

tions with rainfall records would help clarify if the growth

rings do represent annual increments. Given the area of

the United States from which the samples were collected

and the previous studies of sage wood by I)iettert [ 1938), it

is assumed that each growth ring represents an annual
growth increment.
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RANGE AND MEAN/OUTSIDE

ANOMALOUS STUNTED SAGE
TERRAIN

A
w RANGE AND MEAN/INSiDE

ANOMALOUS STUNTED SAGE

TERRAIN

Strongly Strongly
acid alkaline

4 4.5 5 55 6 65 7 7.5 8 85 9 9.5 10

SOl L pH

Figure 11-19. Diagram illustrating the availability of nutrients to plants as a function of soil pH (modified from Bidwell, 1974, Figure 10-2,

p. 252). The range of soil pH values obtained in a survey of a portion of the Patrick Draw lest site is also shown. The range of soil pH

values from stunted sage terrain falls in the m_nlmum avalleb_tity range for phosphorus, iron, boron, copper, and zinc, and decreased

availability range for nitrogen.
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NORMAL SAGE LEAF
CROSS SECTION SPONGY MESOPHYLL

APPROX 100X

_X t0X

NORMAL SAGE LEAVES
NOTE: LARGER LEAVES

DISTINCT INTERNODES

ABNORMAL SAGE LEAF
CROSS SECTION
APPROX IOOX P PH LOEM

X XYLEM

APPROX 10X

ABNORMAL SAGE LEAVES

G TRICHOMES

Q UPPER EPIDERMIS

(_ EXTRAXYLARY FIBERS

(_ VASCULAR BUNDLE

(_ EXTRAXYLARY FIBERS

Q LOWER EPIDERMIS

Figure 11-20. Representative leaf cross sections of normal sage and abnormal stunted sage from the Patrick Draw test site. Note the rosette
arrangement of small leaves and poorly developed mesophyll (both palisade and spongy), heavy trichome cover, and lack of extraxylary
fibers characteristic of the stunted sage.

c. Summarr. In a study' of the morphology' and anatomy

of A rwmisia Iridentala, Diettert ( 1938) descri bes a n u mber

of the features seen in the stunted Patrick Draw sage.

Diettert refers to rosette-like clustering of leaves, due to

lack of internode elongation, as a common feature that

becomes pronounced in phmts growing in less-favorable

environments. The size and shape of the leaves are influ-

enced by both time of )'ear sampled (this should not be a

factor at the Patrick Draw site since normal and stunted

specimens were collected at the same time) and local envi-

ronmental conditions, including soil conditions (phmts

growing in deep, rich soils and sheltered sites have larger

leaves than those found in shallow soils and exposed areas).

Diettert also considers that the loss of larger, mature leaves

and the retention of arrested embryonic leaves are related to

local environmental conditions.

Hewitt (1963) reports that the following characteristics

Ire associated with zinc deficiency in higher plants: smaller

eaves (_'little leaf'" is a common designation t'or diseases

related to zinc deficiencies): clusters or rosettes of leaves at

the tips of" branches ("rosette of apples" is due to a zinc

deficiency) caused by decrease of internodal elongation of

the stem: and suppressed or delayed differentiation of leaf
tissue at the cellular level. Lack of differentiation in meso-

phyll tissues and limited development of intercellular spaces

in leaf tissues are also cited as characteristic of zinc deficiency.

This syndrome of characteristics precisely' matches the

leaf anatomy and morphology of the stunted leaf speci-

mens collected at Patrick Draw. Based on wood anatomy,

this stunted condition has been chronic (that is, spread over

time) rather than acute.

Since zinc is involved in the synthesis of indoleacetic acid

(IAA), a plant hormone required for normal growth (cell

elongation) and differentiation, it is not surprising that a

zinc deficiency leads to a delayed differentiation in leaves

and an altered differentiation in wood (due to ahered cam-

bial activity in response to changes in IAA levels within
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(a) INTERXYLARY PERIDERM (CORK LAYER)

(FIBROUS GROUNDMASS OF GELATINOUS FIBERS?)

,'_ '" PRONOUNCED VASCULAR RAYS

NORMAL
APPROXIMATELY IOOX

MASSES OF VESSEL
ELEMENTS & CONFLUENT PARATRACHEAL PARENCHYMA

ABNORMAL
APPROXIMATELY 100X

Figure11-21. Representativestem crosssectionsof woodof normalsage andwoodof stuntedsagefrom the Patrick Drawtest site:(a) diagran
of the normalsage stem showinga small portionof two annualgrowthringsof wood(a portionofone ringis illustratedin detail);(b) diagramo
the stuntedsage stem showing a portion of five annual rings (again, one is illustratedin detail), Note the reducedamountof secondaryxylen
(wood)tissueproducedperannual ring in the abnormalstuntedsage,

the plant). The various morphological and anatomical

characters described by Dienert (1938) and attributed to
adverse environmental conditions are symptomatic of a zinc

deficiency. These zinc deticiency s5'mptoms are st) unique

that they are not likely to be confused with symptoms due
to other deficiences (Bidwell, 1974).

Leone et al. (1977) note signiticant increases in levels of

iron, zinc, and ammonia nitrogen in soil samples (both

topsoil and subsoil) taken from landfill sites, when com-

pared with soils from sites adjacent lo landlills. The5,' pro-

pose that such increases of major and trace elements in

soils containing landfill gases (high concentrations of
methane and carbon dioxide, low concentrations of oxy-

gen) are due to the reducing atmosphere created in the soil

by the presence of methane. Similar high soil gas concen-

trations were recognized in stunted sage terrain at Patrick
Draw.

According to Siegel (1974), availability of zinc to plants

decreases as soil pH increases over 7.0, becoming essen-

tially unavailable above a pH of 8.5. Field studies of soil

pH indicate that within the area of stunted sage, soil pH
measurements reach 8.55 (in comparison to a maximum

pH of 7.5 for soils outside the stunted area). Element_

analysis of soil samples indicates anomalously high zin

concentrations in soil samples from stunted sage terrair
These data correlate well with Leone's findings (Leone

al., 1977) tk)r zinc levels in soils containing landfill gase

Although high concentrations of zinc are in the solid st:
phase, zinc is apparently unavailable (due to high soil pi-

to the sage plants, resulting in zinc deliciency symptoms.

4. Conclusions. Field observations, geochemical survi

results, and a preliminary anatomical and morphologk

evaluation of Patrick Draw sage support the premise th

stunted, abnormal sage at the test site is the result of adver

environmental conditions resulting in a zinc deticient

There is no evidence of fungal or bacterial disease, tire dat

age, or winter kill. The eft'oct has been chronic, extendi,
back for at [east 95 years. Correlation of :_,rowth rings w

weather data would provide useful supplemental inl'orn

tion concerning the relationship between growth rings a
any local climatic conditions.

C. Organic Geochemistry

i. Introduction. An organic geochemical stud}' of

Patrick Draw test site was conducted during the summe_
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1980. The purpose of this study was to determine if the
moderately deep ( 1,5 to 2.0 kml Patrick Draw reservoir could

be detected by measuring soil gas concentrations that could

reflect microseepage of the alkane (C, through C, ÷) frac-
tion from the hydrocarbon reserw)ir. There were two

objectives for the Patrick Draw organic geochemistry pro-

gram. The first was to determine if detectable amounts of

C, through C+ hydrocarbons were present as free soil gas

and/or as bound (adsorbed and absorbed) soil gas. The
second was to determine whether anomalous levels of these

hydrocarbons were present in areas in which lineaments

had been recognized over the Patrick Draw reservoir.

Interpretation of aerial photographs as well as Landsat
MSS and NS-001 images revealed linear features (linea-

ments) crossing the Patrick Draw test site area. These fea-

tures were assumed to represent the surface trace of nearly,
vertical, extensional fractures. Several of these lineaments

were postulated from subsurface data to represent frac-

tures which extend to depth and, thus, might provide com-
munications between the reservoir and the surface. Fractures

may' swell and pinch, resulting in localized microsecpage

of hydrocarbons along their length: therefore, closely spaced

samples were collected along sampling lines located on

lineaments. Since fractures commonly occur as subparallel

sets, closely' spaced samples were also collected ahmg san}-

piing lines crossing lineaments, Additional samples were

collected over the adjacent test site area to provide back-

ground data.

Values for adsorbed (bound), absorbed {headspacc). and
free (unbound) hydrocarbon soil gas were determined for

105 sample sites. The adsorbed gas analyses were per-
fl}rmed by' Phillips Petroleum. Bartlesville, Oklahoma:

absorbed gas by Arco, Dallas. Texas: and frce soil -as b\'

Cities Service Company, Tulsa, Okh.thoma. Data |'rom the
three methods revealed similar anomalous values, althou-h

sampleqo-sample agreement among the three methods was

low. This poor agreement probably reflects differences in

the clay and carbonate content of the soil samples. Soils

with low clay' or carbonate content should have higher free
gas values, whereas soils with high clav or carbonate con-

tent should have more gas in an adsorbed state and, hence,

have little free soil gas. Adsorbed gas values should be less

susceptible to short-term atmospheric {pressure) changes.

Of the three sets of soil gas values, the adsorbed soil gas

values revealed the highest correlation for mcasured con-

centrations of gas species. Data from the absorbed gas

analyses showed the least intersample variability.

Figure 11-22 presents the combined sample anomalies

for adsorbed, absorbed, and free soft gas. If a sample pos-
sessed anomalous concentrations of a particular gas spc-
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Figure 11-22. Soil gas anomaly significance map showing combined

results of all parameters: adsorbed, absorbed, and free soil gas

cies in two or more t\)rms {i.e., adsorbed, absorbed, etc.),

the sample was considered to be signilicantl> anomalous.

Such samples are represented as squares in Figure 11-22.

A complete exphmation of the ranking scheme used in this

study is discussed below. Of the 15 signilicantl> anonlalous

samples shown in Figure I 1-22, nine fell in close proxinl-
ity to the lineaments. "The geological and chemical signifi-

cance of this distribution is discussed in the Ikdlowing

paragraphs.

2. Geologic model. Figure 11-23 shows the location of

selected aerial photograph lineaments that were recog-
nized in the test site area. Two lines of evidence lend cre-

dence to the interpretation that these features coincide with
fractures or faults.

(I) Lineaments 1 and 3 appear to be surface manifesta-
tions of faults that cut the reservoir. The surface trace
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coincides with discontinuities mapped at depth indi-

cated by as much as 62 m (200 ft) offset of the oil/

gas and oil/water contact in the reservoir (McCubbin

and Brady, 1963).

(2) The apparent bending and offset of topographic fea-

tures along lineaments 4, 5, and 6 suggest that these
lineaments are also faults. The aerial photograph

Figure11-23.Aerial photographmosaicshowingthe locationof
endpointsof sevenselectedlineamentsevaluatedina soil gas survey

mosaic shows that these lineaments truncate mate-

rial similar to the Killpecker Dune Field to the north.

These eolian deposits form in linear topographic

depressions, which are interpreted to coincide with
the trace of faults.

Considering the structural location of the Patrick Draw
test site with respect to the Wamsutter Arch and Rock

Springs Uplift, it seems reasonable to assume that the ENE

E-trending lineaments in the test site are genetically related

to similar features exposed on the Rock Springs Uplift

(Figure 11-3). Specifically, the ENE-E-W-trending linea-

ments at Patrick Draw, like those on the Rock Springs Uplift,

are postulated to be nearly vertical, extensional fractures
or faults.

These fractures and faults may act as potential conduits

for leakage of reservoir fluids to the surface. If this is the

case, analysis of soil gas samples obtained from these fea-

tures should show significantly higher values than samples
over the rest of the oil field and in the area in general. A

sampling program, based on this model, was conducted in
1980 and is described below.

3. Sample collection. The sampling program was designed

to obtain suitable samples for adsorbed, absorbed, and free

soil gas analysis at each sample site. A soil sample (in excess

of 400 g) and four vacuum sample containers (20 cm'/
Vacutainer) of free soil gas were collected at each of the

105 sample sites. To assure maximum coverage of the study

area, sites both along selected lineaments and away from

selected lineaments were sampled. The lineament sample

traverses transected and/or followed the mapped linea-

ments, whereas the regional sites were randomly located
over the remaining test site area. Of the 105 sites sampled,

43 were along lineaments. Sample locations are identified

in Figure 11-24. This sample program was determined by

the practical considerations of available time and resources.

At each site, a hole 15 cm in diameter was augered to a

depth of 0,5 to 1 m. The hole was cleared of loose debris,

and a 5-cm inside-diameter barrel sampler was driven into

the bottom of the hole to a depth of 1 to 1.5 m (Figure II-

25a). The sampler was then withdrawn and a bottom hole

soil sample of approximately 400 g was taken from thc end

of the barrel and sealed in a metal sample can. Phillips

analyzed these canned samples for adsorbed gas: _trco

analyzed them for absorbed gas.

Upon removal of the barrel sampler, a gas sampler probe

(Figure 11-25b) was immediately driven into the bottom of
the hole. Rapid implacement of this probe was necessary

to reduce loss of free soil gas. The gas probe consisted of a
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hydrocarbon soil gas survey

thick-walled, high-carbon steel tube with a replaceable steel

point. The point was helically perforated. These perfora-
tions connected to a low-volume conduit tube. The conduit

tube, fabricated from 0.8-mm stainless steel capillary tub-

ing, extended from the point of the steel tube and into a

chamber recessed in the striking surface tube. At the strik-

ing surface end, the conduit tube was cut at an acute angle

to form a needle tip capable of perforating the rubber seal

on the evacuated sample containers. These evacuated sam-
ple containers (Vacutainers) are commonly used for col-

lecting blood samples in medical laboratories. Subsurface

gas samples were obtained by impaling the Vacutainers on

this needle point. Figure 11-25(c) is a sketch of the probe.

Two Vacutainer sizes were used: 10 and 20 ml. The probe

was driven into the sampling hole, and a 10-ml Vacutainer

was placed on the probe for 3 minutes to purge the capil-

lary tube of atmospheric gas. This purge Vacutainer was
sealed with silicone adhesive and retained. Four successive

free soil gas samples of 20 ml each were then collected at
3-minute intervals and sealed.

4. Soil gas chemistry

a. General. The most mobile constituents of a hydrocar-

bon accumulation include the lighter homologues- meth-

ane through butane. Since these compounds volatilize easily,

they may migrate from hydrocarbon accumulations along

fractures, through diffusion, or in groundwater solution. In

some instances, the detection of these volatile compounds

at the surface has been used to indicate the presence of

accumulations of hydrocarbons at depth. Numerous stud-

ies using this phenomenon, conducted with different degrees

of success, are described by Debnam (1969), Devine and
Sears (1977), Horwitz (1972, 1980), and Kvenvolden and

Redden (1980).

The results of the test site survey indicate that adsorbed

gas analyses yield useful information for methane through

butane (C, through C4). Absorbed gas analyses yield data

for C_ through C_. Free soil gas analyses yield data for C_

through C_ +. The tabulated results of these analyses appear

in Appendix A.

b. Treatment of data. Each of the three sample types (i.e.,
adsorbed, absorbed, and free soil gas) contains a variety ot"

gas species (e.g., methane, ethane, propane, etc,). To inter-

pret the significance of these data, the "t_ackground" or
threshold value of each gas species must be determined for

each sample type. Several schemes exist for determining

this threshold value; some are more statistically rigorous

than others. Four of the most commonly used schemes

include setting the threshold for background versus anom-

aly at (1) two standard deviations above the mean, (2) one

standard deviation above the mean, (3) the 97.5 percentile

value, and (4) the inflection point of a cumulative fre-

quency plot. To determine the most appropriate method

for determining this threshold, the nature of the data, the

degree of sampling bias (i.e., whether background and
anomalous areas have been equally sampled), and the dis-

tribution of the sample sites should be considered. (Refer

to the works by Hawks and Webb (1962), Levinson (1974),

and Rosenblum (1980) for a complete discussion of tech-

niques available for statistically ranking sample popula-

tions.) For this study, each sample population was ranked

as follows: samples with soil gas values greater than two
standard deviations, 20, above the mean, X, were consid-

ered anomalously high. These anomalous samples are

represented by squares in Figures 11-26, 11-27, and I 1-28.

Samples with soil gas values that fell between one and two

standard deviations above the mean were plotted as
triangles.

In Figure I 1-22, the samples are rated according to their
overall significance level. A sample is rated as having the

highest significance if it has at least two anomalous values
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Figure 11-25. Sampling devices used in hydrocarbon soil gas survey
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Figure 11-26. Index map showing the locations o! significan!

adsorbed soil gas anomaly sites

(e.g., anomalously high ethane from both absorbed and fre

soil gas analyses). These samples are identilied with square
in Figure 11-22. Samples not satisfying these criteria ar
considered nonanomalous.

Advorhed soil ,_as. Results of the adsorbed gas analyse

are summarized in Figure 11-26. Man), sample sites show
ing anomalously high adsorbed gas concentrations coir
cide with the selected lineament locations. Anomalous valu(

for all geochemical populations (methane, ethane, an

propane) fall on or within close proximity to the selecte
lineaments.

Fight samples are considered anomalous. A compariso

of Figures 11-26 and 11-28 reveals no apparent site-to-sil

correlation between the adsorbed and free soil gas anom_

lies. This most likely results from variation in the clay ar

carbonate content of the soils sampled. Clay- or carbonat
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Figure 11-28. Index map showing the locations of significant free soil
gas anomaly sites

rich samples should show higher adsorbed gas values than

quartz-rich samples. A quartz-rich sample should show

higher free soil gas values than a clay- or carbonate-rich

sample, which should adsorb hydrocarbons.

Absorbed soil ,_ax Results of" the absorbed gas analyses

are summarized in Figure 11-27 In this case. the log val-

ues of the analytical results were used to calculate the means

and standard deviations because the data are log-normally

distributed.

The majority of the absorbed gas samples with methane,

ethane, and propane values greater than one standard

deviation above the mean occur on lineaments. Samples

along lineaments 4 and 5 in Figure 11-23 are consistently

high. Two consistent highs that do not appear related to

faults or lineaments occur at sites XL4-8 and R87. XL4-8,

obtained near the center of the field, also contains one of

the highest light hydrocarbon values measured in the free

soil gas analysis.

t)'ee soil t_as. Results of the free soil gas analyses are

summarized in Figure 11-28. In addition to the five param-

eters analyzed For adsorbed soil gas, the free soil gas

samples were also analyzed for (',+ h_drocarbons. The

distribution of anomalies l\_r the various geochemical pop-

ulations tested in the free soil gas shows more internal scat-

ter than the adsorbed gas values. This variation nlav rellect

short-term fluctuations in atmospheric pressure, sample

contamination, or variable migration rates for the different

hydrocarbons. Most anomahms values (X + >2,_) are at

least an order of magnitude higher than the mean value,

and most of the consistently anomalous samples were

obtained near lineaments. A recent work bv Weisman (1980)

notes that geochemical profiles of soil gas yield similar
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concentrations over known fields elsewhere in the Western

Overthrust Belt.

Of six very significant anomalies, three fall on linea-

ments over the field. Of the three remaining anomalies,

one (site R47) falls on a lineament that extends from the

west into the field. This sample, which was several orders

of magnitude greater than the average soil gas sample, was

obtained from the approximate center of the NS-001 tonal

anomaly associated with stunted sage.

5. Conclusions. Table 11-8 lists the number of agree-

ments in the mean ranking classification scheme for the
three methods. Adsorbed soil gas and free soil gas values
correlate best.

In Figure 11-22, 15 significant anomalies can be seen
throughout the study area. Ten of these anomalies are near

lineaments (including one on the contact between the

Wasatch and Fort Union Formations). This distribution of

anomalies is consistent with the hypothesis that these

lineaments act as conduits for gases seeping from depth to

the surface. Alternately, it may only reflect sample
distribution.

Although both adsorbed and free soil gas levels appear
to be higher in the vicinity of selected lineaments in the

Patrick Draw field, it remains unproven that this technique

can be useful in finding reservoirs elsewhere. The results of

this study are encouraging, and further work of this nature

should be pursued. Most certainly, reduction of the size of
a geochemical study with remote sensing data will mini-

mize the time and cost necessary to conduct such surveys.

Identification of "leaking" lineaments versus "nonleaking"

lineaments, coupled with additional geological informa-

tion, may be helpful in selecting exploration targets requir-

ing more detailed evaluation with conventional exploration
tools.

Table 11-8. Ranking co.elation among all sample types a

Methane Ethane Propane
Sample SoflGas

(CH 4) (C2H 6) (C3H 8)

Absorbed-adsorbed 48 44 43

Absorbed-free 50 46 53

Adsorbed-free 37 41 44

All methods in agreement 24 23 23

No method_ in agreement 17 17 10

aNumber of cases in agreement among the three analytical techniques was

based on division of results into four classes: (1) sample value less than

mean; (2) values between mean and one standard deviation above; (3) val-

ues between one and two standard deviations above mean; and (4) sam-

ples greater than two standard deviations above mean.

D. Helium Soil Gas Survey

1. Introduction. Most petroleum reservoirs contain helium

in concentrations exceeding 100 ppm and, in some cases,

exceeding 10,000 ppm. Soil, soil gas, and water can be

sampled near the surface for trace amounts of helium that

may be leaking from underlying hydrocarbon reservoirs.

2. Methods. To help identify any potential areas of

hydrocarbon microseepage in the Patrick Draw test site, 59

soil gas samples were collected and analyzed for helium
content. For this reconnaissance survey, the sample distri-

bution included closely spaced sampling along a traverse

over the known gas cap and more widely spaced sampling
of the remainder of the test site area.

The soil gas sampling procedure used in this survey con-

sisted of extracting a 20-ml gas sample through a hollow

probe driven 75 cm into the soil at each sampling site. The

low moisture content of Patrick Draw soils provided an

excellent sampling medium. The 20-ml samples were each
stored in small steel tubes with lead-lined brass caps. West-

ern Systems, Inc., Evergreen, Colorado, analyzed these

samples with a mass spectrometer specifically modified for
helium analysis. Sensitivity of this instrument is better than

10 ppb.

3. Results, The results of the helium soil gas survey are

illustrated in Figure 11-29. These data may be compared

to the normal atmospheric helium concentration of

5.24 ppm.

The two highest helium concentrations (9.53 and

7.83 ppm) occur in samples acquired from approximately

the center of the area of anomalously stunted sage and

coincide approximately with the center of the gas cap of
the Patrick Draw field. The soil helium concentrations

determined for samples in this area are extremely high; the

measured values are as high as Western Systems has mea-

sured anywhere. These high values may be the result of

leakage along fractures which cut the reservoir, or they may

be related to gas reinjection operations.

Values outside the gas cap area are slightly high com-

pared to normal background values. One high value

(6.30 ppm) on the southwestern edge of the field outline

may suggest a southern extension of the gas cap. Another

high value (7.41 ppm) in the east-central part of the field

is not easily explained in terms of microseepage from the

gas cap.

4. Conclusions. Although reconnaissance in nature, a

helium geochemical survey of the test site demonstrates
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certain elements in soils, bedrock, and vegetation over and

adjacent to oil and gas fields. Their geochemical anomalies
have been attributed to the effect of hydrocarbon micro-

seepage from the reservoir to the surface.
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Figure 11-29. Index map showing soil helium gas survey sample sites

and results

anomalous values that suggest leakage from the hydrocar-

bon reservoir. Additional sampling and analysis is recom-

mended, The high soil helium concentrations measured in

the area of anomalously stunted sage correlate with other

geochemical data in the area. It is possible that bedrock

faulting or fracturing has had an influence on helium
movement from the reservoir to the surface.

E. Soil Elemental Geochemistry

l. Introduction. The Lasertrace * method of analysis (refer

to the Technical Appendix, Section 14) was used to deter-

mine the elemental composition of soil samples. The

objective was to investigate any possible relationships
between soil elemental chemistry and features noted on

remote sensing images. In particular, it was hoped to com-
pare geochemical characteristics with tonal anomalies rec-

ognized in the analysis of images, which might be related

to microseepage of hydrocarbons from the Patrick Draw
reservoir.

Dalziel and Donovan (1980) have recognized cases of
anomalous concentration, alteration, and distribution of

2. Data acquisition and analysis. Surface soil samples were

scooped up with a trowel at 330 undisturbed and uncon-

taminated sites (Plate I !-1 and Figure 11-30) and stored in

paper envelopes. During two weeks in July 1979, 108 sam-

ples were collected at approximately I-km (0.6-mi) spacing

along a regional NE-SW traverse and four E-W traverses.

During June 1980, two weeks were spent collecting an

additional 109 samples on an infilling basis to improve the

sample distribution and density. These samples were all

obtained from locations adjacent to those drilled and sam-

pled during the soil hydrocarbon gas survey. During the

summer of 1981, an additional 113 samples were collected.

All 330 samples collected were analyzed by the Lasertrace _

method using the same USGS standards. The analytical

results (Appendix B) were portrayed in trend surface ele-

mental concentration isopleth map form for interpretation.

The Lasertrace _ method of analysis used in this program

was developed by Barringer Resources, Inc., and is designed

for automated multi-element analyses on a mass produc-
tion basis.

The Lasertrace ® method shows some differences in

absolute elemental concentration when compared with

values obtained in the conventional acid-digestion method

of multi-element analysis. Lasertrace _ results, however, are

reproducible and consistent for detecting relative differ-
ences in elemental concentration and are thus useful for

detecting geochemical anomalies. The chief merit of the

Lasertrace ® method is its speed and low analytical cost. It

is therefore applicable on a much larger scale than acid-

digestion methods.

3. Results. Raw, trend-surface, and trend-residual ele-

mental concentration maps were produced for each of 24
elements. Raw data isopleth maps exhibited excessive small-

scale variability, which was an artifact of the sample distri-
bution. Fifth-order trend surface portrayal of the data

smoothed these sample distribution-induced artifacts and

at the same time preserved the original data. Davis (1973)

describes the trend surface approach to automated

contouring and smoothing of geological data. Fifth-order

trend surface maps for selected elements produced from

the Lasertrace _ data (Figures 11-31 through 11-41) were

evaluated to delineate potential geochemical anomalies for

interpretation.
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Low-order (second- or third-order) trend surface maps

show a NE-SW trend, which correlates geographically with
the contact between the Fort Union and Wasatch Forma-

tions. The patterns for high-order (fourth- or fifth-order)

trends for some elements, however, appear to correlate with

the subsurface distribution of hydrocarbons. Figures i !-31

through 11-41 are examples of selected fifth-order trend

surface isopleths in parts per million.

Titanium (Figure 11-31), vanadium (Figure 11-32), cop-
per (Figure 11-33), and zinc (Figure 11-34) all exhibit

maximum values in an area of anomalously stunted sage

growth that lies above the gas cap of the Patrick Draw

reservoir. The concentration of these elements appears to

increase in an updip direction from low values east of the

field, reaching the highest values near the updip limit

of production, before decreasing significantly to the west

of the field. A similar trend is exhibited by iron (Figure

11-35), but the locations of the downdip low and updip

high are shifted approximately 1.2 km (1 mi) to the west.

Phosphorus (Figure 11-36) shows a maximum concen-

tration in the area of anomalously stunted sage. Potassium
(Figure I 1-37), nickel (Figure 11-38), and manganese (Fig-

ure 11-39) exhibit similar, but less pronounced, maxima.

Calcium (Figure 11-40) and magnesium exhibit mini-

mum concentrations in the area of anomalously stunted

sage. Sodium (Figure 11-41) contours show a closed low
over the Patrick Draw oil field.

4. Conclusions. Several factors may be responsible for
these elemental distributions. Factors include soil varia-

tions associated with compositional variations in parent
bedrock and chemical/biochemical reactions within the soil.

The latter may be directly influenced by hydrocarbon

microseepage. The observed anomalies may be indicative
of a reducing soil environment created by the presence of

hydrocarbon gases in the soil. Metal ions such as copper
and zinc tend to form organic complexes and are mobi-

lized in such reducing environments.

Migration of reservoir fluids along faults in the updip

area of the Patrick Draw oil field may also be responsible
for the direct enrichment of metal ions at the surface. Res-

ervoir pressure may provide the force necessary to move

fluids along fractures. These fluids may have high concen-

trations of metals and gases that are in solution at reservoir

pressure and temperature and that are less soluble at sur-
face conditions.

The observed anomalies in soil elemental concentrations

over the Patrick Draw oil field are consistent with both direct

migration of ions from the reservoir and selective mobili-

zation/immobilization of ions in a gas-enriched soil
environment.

F. Soil Carbon and Oxygen Isotope Survey

1. Objective. Hydrocarbons seeping to the surface may

be oxidized by certain species of bacteria to ultimately form
carbon dioxide and water (Davis, 1967). The carbon

dioxide formed may then react with calcium in ground-

water to form calcium carbonate, which precipitates and
forms calcite cements in near-surface sediments. Calcite

resulting from oxidized petroleum may have a distinctive

carbon isotope value indicative of the petroleum origin of

the carbon. Carbon isotope values for petroleum are

considerably more negative than those for carbonates of

inorganic origin (Table 11-9).

The concept that carbon isotope values could be used to

link the origin of calcite in cemented sandstones to carbon

dioxide generated by the oxidation of hydrocarbons was

demonstrated by Donovan (1974). His study of the Cement

field in Oklahoma demonstrates that microseepage of
petroleum occurs over the field and that calcite in cemented

sandstones has carbon isotope values which approximate
those of petroleum.

Calcite is a common constituent of the soils sampled in
the Patrick Draw test site. Carbon isotope values were

measured for the calcite in 38 soil samples. A study to
determine whether the carbonate resulted from the oxida-

tion of hydrocarbons is described below.

2. Results. Fourteen samples collected during a 1979 field

program were analyzed for carbon and oxygen isotope val-

ues. Twenty-four additional samples from the 1980 field

program were also analyzed. The results for all 38 samples

are given in Table i 1-10.

Table 11-9. Ranges of carbon Isotope values for various

natural carbon sources m

a_( ' PDB,
Source

per mil

Atmospheric CO 2 - 7.4 to 6.7

Marine limestone 4.0 lo +4.0

Freshwater limestone 18.0 to -3.0

Marine plants 30,0 to - 12.0

Terrestrial plants - 29.0 to - 23.0
Petroleum - 34.0 to - 22.0

Coal 27.0 to - 22.0

'_Frorn Donovan. 1974.
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Table11-10.CarbonandoxygenIsotopemeasurements of soils

collected at the Patrick Draw test site

Year Sample No. (_3C PDB (_lSO SMOW

1979 A-OI - 3.291 19.205

A-02 - 4.825 18.861

A-03 - 5.837 18.285

A-05 - 5.673 ] 8.523

A-06 - 4.530 ] 9.289

A-07 - 3.428 18.166

B-01 - 9.283 10.847

E-8b - 7.751 19.069

E-9b - 3.018 21.331

E-13 -3.169 20.716

E-20a 0.480 19.427

Oi/-02 - 8.754 18.211

Oil-05 - 1.886 20,870

Dry-12 - 4.594 22.259

1980 LI-13 -4.948 16.89

L2-2 - 5.015 18,44

L3-4 - 5.985 22.34

L3-5 - 3.560 15,84

L3-6 - 6.665 18.78

L4-1 - 1.596 18.99

L4-4 + 0.197 16.31

L5- I - 4,875 15.80

L5-4 - 3.506 17.04

XL 1-6 - 4,000 16,08

XL 1-14 - 7.198 20.69

XL2-3 - 4.267 20.17

XL2-4 - 0.309 21.57

LX4-3 - 2.379 19.08

XL4-8 - 4,777 18.53

R 1 - 2,240 18.55

R4 - 2.307 17,73

R45 - 5,233 15.25

R47 - 2.344 19,66

R72 - 1.977 19.12

R87 -4,159 18.01

R95 - 4.835 18.66

R97 - 2.236 21.28

RI00 - 0,376 16,19

The carbon and oxygen isotopes were measured using

Pee Dee belemnite (PDB) as a standard. The oxygen iso-

topes were converted to standard mean ocean water
(SMOW) by the formula:

8_O SMOW = 1.03 x 8_O PDB + 19.5%

In Table 11-10, carbon isotope values are reported

according to the PDB standard, and oxygen values accord-

ing to the SMOW standard.

Carbon and oxygen isotope values from the Patrick Draw

area are plotted on Figure 11-42. This figure also shows the

values reported over Cement field by Donovan (1974).

Approximate ranges for carbon and oxygen isotopes for a
variety of carbonate sources are also plotted on the figure.
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Figure 11-42. Plot ol 813C versus 8180 tor soil carbonates from Patrick

Draw, Wyoming. Values for carbonate cements from the Cement field,

Oklahoma, are mlatsd to petroleum microseepage. Compositional Ilmita

o! marine and freshwater limestones and dlageneUc carbonates are

shown lot reterence (Oonovan, 1974).

Carbon isotopes from carbonates in the soils of the Patrick

Draw area are all found to be heavier (more positive) than
- 10 per mil. This indicates that little, if any, of the car-

bonate has resulted from the oxidation of hydrocarbons.

In contrast, 16 of the 27 samples measured by Donovan for

the Cement field have carbon isotope values lighter (more

negative) than -20 per mil. Carbon isotope values this light

indicate a substantial contribution of isotopically light car-

bon resulting from the oxidation of petroleum. It has been

concluded that there is no positive evidence of petroleum

microseepage in the carbon isotope data from soil carbon-
ates in the Patrick Draw area.

The possibility that the soil carbonate resulted from two

or more origins must also be considered. If the carbonate

contained only a small contribution from oxidized hydro-

carbons, then the carbon isotope values would reflect only

a slight negative shift from the values associated with the

major source of the carbonate. Therefore, in areas with a

higher rate of hydrocarbon seepage, the carbon isotopes of

11-44



the carbonate might be more negative if the hydrocarbons |

are being oxidized and incorporated into the carbonate. In 00

order to test this possibility, the carbon isotope values were

plotted versus the quantity of methane measured in the _ i
soil samples. Soil hydrocarbon content was measured only

on the samples taken during the 1980 field season and is
reported in Paragraph VII.C. _,

-50-

Figures 11-43, 11-44, and 11-45 show the carbon isotope

values versus methane content for the adsorbed soil gas,
absorbed soil gas, and free soil gas measurements. Meth-

ane was found to be the dominant hydrocarbon in all three

types of hydrocarbon measurements. Also, the ethane,
propane, and butane concentrations follow the same trend

as methane in most of the samples analyzed, so that the
methane concentration should be a sufficient indicator of

hydrocarbon leakage rates.
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Figure 11-43. Carbon Isotope values versus methane content

measured In adsorbed soil gas
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Figure 11.45. Carbon isotope values versus methane content

measured in free soil gas

No consistent relationship was found between the car-

bon isotope values and the hydrocarbon content of the soil

gas. This finding indicates that either hydrocarbons are not

being oxidized and thus are not contributing to soil car-

bonate or, if they are, the amount is very minor compared
to other sources for the carbonates. The source of the car-

bonate in the soils appears to be that of a freshwater lime-
stone or caliche. Detrital carbonate from limestone in the

Fort Union, Wasatch, and Green River Formations proba-

bly contributes carbonate with a freshwater carbon isotope
signature to the residual soils.

Figure 11-46 shows the distribution of the carbon iso-

tope values and the oil and gas field boundary. The data

were not contoured because the sample distribution was

irregular. There does not appear to be any consistent trend

in the carbon isotopes and their distribution with respect to
the field boundary.

3. Conclusions. Carbon isotope values measured for soil
carbonates from the Patrick Draw area indicate either a

caliche or detrital freshwater limestone origin for the car-

bonates. There is no isotopic evidence for hydrocarbon

microseepage as was seen by Don•van (1974) over the
Cement field in Oklahoma.

VIII. MuItispectral Remote Sensing Data

A. Introduction

Multispectrai remote sensing data acquired during the
test site investigation included Landsat MSS four-band data

as well as aircraft NS-001 Thematic Mapper Simulator eight-
band and Bendix Modular Multispectral Scanner (M:S)

! l-band data. Additionally, color photography was acquired

11-45



T20N

T19N

T18N

R99W R98W

-2.31 •
-2.24

-1.89
---/-e_ -3.51e--o0.20 •

• 0.48 ,/ -8.75 I • •-1.60/ -3.02

( -5.°J9 • oo-6.67

.95-- ¢

_"_ i-5.02 /

-3.43_-1.98 /

-5.67 e _° 4"53 /

-5.84 • _

j -3.29• •-4.82

! •-4.84

• -2.24 • -0.38

-4,59

-9.28

-4.00
N • 613c SAMPLE SITE AND VALUE

0,lm' I _ IPE...PD.IPRODUCTIVE LIMITS OF

0 1 km PATRICK DRAW FIELD
L..-J

Figure 11-46. Distribution of carbon Isotope values (per mll, PDB) In
the vicinity o! Patrick Draw oli field

during aircraft overflights. All aircraft data were acquired

by the NASA-Johnson Space Center. The acquisition dates

and selected characteristics of these data are summarized

in Tables I l-l 1 and 11-12. For a discussion of sensor char-

acteristics, refer to the Technical Appendix, Section 14.

Flight-line locations and areal coverage for aircraft-acquired

data are illustrated in Figure 1 1-47.

1. Preliminary processing. Preliminary processing of all

aircraft-acquired multispectral data was carried out by JPL's

Table 11-11. Summary of Landsat MSS data,
Patrick Draw test site

Date Acquired Scene Identification

September 15, 1973 1409-17294

September 18. 1974 10787-17195

May 13, 1976 20477-17133

Image Processing Laboratory (IPL). A complete list and

description of IPL programs used in processing these data

is included in the Technical Appendix, Section 14.

During the investigation, JPL retained the master sets of

both digital and film data. JPL distributed copies of these

data sets to two participating companies for further distri-

bution to other member companies. CONOCO distributed

digital data and Gulf distributed image prints.

Table 11-12. Summary of aircraft multlspectral data,
Patrick Draw test site

Multispectral
Date Acquired Mission Photography Scanner _

August 4, 1978 383 True color M2S
October 19, 1978 390 True color NS-001

August 28, 1979 407 Color infrared NS-001

_Instantaneous field of view for all data is _ 15 m.
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ION 41'30'

WYOMING 141_ N

109_W 108_0'W COLORADO 108"W

0 5 mi _ FLIGHT LINE

_ AND AREA OF
COVERAGE

0 5km

Figure 11-47. Map showing flight-line locations and areal coverag
for M2S, NS-001, and color photographic aircraft data acquired. Th
area covered by line 4 includes the entire Patrick Draw test site arm
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2. Interpretation. The multispectral data were processed

mainly by JPL and, to a lesser extent, by Gulf Science and
Technology and by the University of Wyoming. Analysis

and interpretation of the data were performed by all test

site team members in group sessions or independently.

Because of constraints of personnel, time, and image pro-

cessing facilities, all remote sensing data sets were not eval-

uated equally. The greatest analytical attention was given

to data that, upon initial examination, demonstrated the

greatest potential utility.

NS-001 data acquired on Mission 390, line 4 (Table 11-

12, Figure 11-47, and Plate I l-l) were evaluated in the

greatest detail. These were the only aircraft multispectral

data that were geometrically rectified and registered to a

1:48,000 USGS topographic base. Aircraft data were most
commonly interpreted at a scale of 1:48,000; Landsat MSS
data at a scale of 1:500,000 or 1:200,000.

The purpose of the multispectral image analysis was to

evaluate the utility of these data for hydrocarbon explora-

tion, specifically geologic mapping and the detection of

potential microseepage-induced alteration of surface mate-

rial. The approach used in the analysis of the multispectral

data is reflected in the following discussions, which include

(1) Landsat MSS data for reconnaissance geologic mapping,

(2) spectral characteristics of cover types, and (3) NS-001

image analysis for tonal/textural interpretation, and geo-

logic, lineament, and vegetation mapping.

B. Landsat MSS Data in Reconnaissance Mapping

The utility of Landsat MSS data for mapping major
geological features has been well documented (Goetz and

Rowan, 1981). The analysis of over 25 Landsat images pro-
duced from MSS data acquired on three dates (Table 1 !- ! 1)

supports this observation. At the 1:500,000 or 1:200,000

scale, Landsat MSS image analysis reveals all major

structural and stratigraphic units mapped in the test site

area. A comparison of the regional published geologic map

(Figure 11-48) to a Landsat MSS image (Figure 11-49)

illustrates this conclusion. Previously unmapped faults

(expressed as linear features or "lineaments"), extensions

of previously mapped faults, and unmapped subdivisions

of previously mapped stratigraphic units (expressed as

bedding-parallel tonal units) may also be delineated in this

Landsat MSS image.

C. Spectral Characteristics of Cover Types

1. Introduction. In a series of papers published between
1970 and 1976, Hunt and Salisbury as well as Hunt et al.

reported the visible and near-infrared (VNIR) laboratory
spectral characteristics of many rocks and minerals. Their

work demonstrated the potential utility of VNIR multi-
spectral remote sensing for the discrimination and identifi-

cation of geological materials. To apply the general empirical

and theoretical results of Hunt and Salisbury to the spe-

cific problem of VNIR multispectral image enhancement

and interpretation at Patrick Draw, a program of field and

laboratory spectral measurements and mineralogical anal-

yses was conducted in the test site area. The spectral analy-

sis program emphasized the part of the VNIR spectrum

sensed by the NS-001 aircraft scanner so that the potential

utility of the Landsat 4 Thematic Mapper (TM) satellite

sensor, which the aircraft scanner was designed to simu-
late, could be evaluated (Table 11-13).

This spectral analysis program included (1) Beckman

DK2A spectrophotometer laboratory measurements for

samples obtained from 149 sample sites, (2) 260 field

reflectance measurements obtained from 60 sites, using JPL's

Portable Field Reflectance Spectrometer (PFRS) (Goetz et

al., 1975, and the Technical Appendix, Section 14), and (3)

27 Perkin Elmer 330 spectrophotometer laboratory mea-

surements on plant specimens obtained at 10 sites. Addi-

tionally, laboratory X-ray diffraction (XRD) mineralogical

analysis was performed on 37 samples selected from the
field and laboratory sample suite.

Plate i I-3 shows the locations of all field and laboratory

spectral and mineralogical sample sites. The site locations

and materials sampled at each site were selected to include

the major surface cover types of the test site area, includ-

ing natural vegetation and soil/rock, and materials intro-

duced by man. The results of this investigation are

summarized below; only those spectra considered illustra-

tive of significant relationships are included.

2. Spectral characteristics of vegetation. Vegetation covers

from 5 to 60 percent of the Patrick Draw test site. Data

acquired by the NS-001 multispectral scanner are signifi-

cantly affected by this vegetation. Knowledge of the spec-

tral characteristics of vegetation is therefore essential

information for enhancing and interpreting multispectral

images of the test site area.

Figure !1-50 includes typical PFRS reflectance spectra
for vegetation (7G, 8F, and E11) and shows the locations
of the seven NS-001 VNIR bands. Five of these band loca-

tions (1, 2, 3, 4, and 6) were selected specifically for the

identification of vegetation species, vigor, and density (Hovis

et al., 1975, p. G-7). The significant spectral features for

vegetation that occur in the seven VNIR bands of the

NS-001 scanner are briefly described below. These observa-

tions are summarized from discussions by Hovis et al. (1975),

Salomonson et al. (1980), and Weirsma and Landgrebe
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Figure 11-49. Landsat MSS image produced using a principal components stretch (VICAR, PGSTR): band 4, blue; band 5, green; and band 7,

red (acquired May 13, 1976). A comparison of this image to Figure 11-48 clearly demonstrates that all geologic features of regional importance

are discernible in the Landaat MSS image. All major faults and stratigraphlc contacts may be delineated; additionally, unmapped stratigraphic

contacts (expressed as tonal/textural boundaries) and possible unmapped faults and extensions of mapped faults (expressed as lineaments)

may also be recognized. Solid outline shows area of geologic map (Figure 11-48); dashed outline is area covered by aircraft-acquired multi-

spectral data, line 4.

11-49



Table 11-13. NS-001 Thematic Mapper Simulator

Band
Approximate Equivalent

Wavelength Channel Landsat 4

Interval,/_m Center,/u-n TM Band

1 0.45-0.52 0.49 1
2 0.52-0.60 0.56 2

3 0.63-0.69 0.66 3

4 0.76-0.90 0.83 4

5 1.00-1.30 1.15 None

6 1.55-1.75 1.65 5

7 2.08-2.35 2.22 7

8 10.4-12.5 11.5 6

(1980), and from analysis of laboratory and PFRS vegeta-

tion spectra obtained by JPL.

Band ! (0.45-0.52/tm). Centered at approximately0.49 _m,

this band includes the visible blue; contains absorption

features due to chlorophyll and carotinoid concentra-

tions; useful for differentiating conifers and deciduous

vegetation.

Band 2 (0.52-0.60/_m). Centered at approximately 0.56 _m,

this band includes the visible green; contains a reflec.

tance peak due to chlorophyll concentration; sensitive tc

green pigmentation in healthy vegetation and, therefore

useful for the assessment of vegetation vigor.

Band 3 (0.63-0.69 _m). Centered at approximately 0.66 _am

this band includes the visible orange and red; contains

maximum chlorophyll absorption band; useful for spe

cies differentiation.

Band 4 (0.76-0.90/tm). Centered at approximately 0.83 ttrr

this band contains a reflectance peak sensitive to leaf are_

vegetation density, and biomass; useful for specie

identification.

Band 5 (1.00-1.30 #m). Centered at approximately 1.15/t_

this band contains several diagnostic absorption band

sensitive to leaf area.

Band 6 (1.55-1.75 p,m). Centered at approximately 1.65 _

this band is located within an absorption feature chara,

teristic of leaf water-mass.
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Band 7 (2.08-2.35/_m). Centered at approximately 2.22 _tm,

this band is located within an absorption feature charac-
teristic of leaf water,mass.

A comparison of the vegetation and soil spectra shown
in Figure ! 1-50 demonstrates that the reflectance values in

all bands are typically higher for soil than for vegetation.

Spectra for vegetation and soil exhibit the greatest dispar-
ity in bands 6 and 7, and the least disparity in bands 4 and

5. Maximum reflectance values typically occur in bands 4

or 5 for vegetation and in bands 6 or 7 for soils. In some

cases, the reflectance of vegetation in bands 4 or 5 may
exceed the reflectance of soil.

The shadow of plants will contribute to the lowered

albedo of vegetated terrain. The dominant vegetation type

at Patrick Draw is sage. Associated with each bush, except

for the situation of vertical solar elevation or 100 per-

cent sage cover, is a shadow. The spectral effect of this

vegetation-shadow component is illustrated by the two PFRS
spectra shown in Figure ! I-51. These spectra indicate a 13

percent decrease in albedo for typical Patrick Draw soil in

a sage shadow. The significance of this effect is illustrated

by the observation that a surface with 80 percent sage cover

(1-m bushes with i-m spacing) and a 60 ° solar elevation

(typical for the time of NS-001 acquisition at Patrick Draw)
will be seen by an aircraft or satellite sensor as 100 percent

sage and sage-shadow cover.

The relative spectral contribution of plant material and

plant shadow is dependent on both plant density (percent

cover) and plant geometry. In the case of Patrick Draw

vegetation, there are two distinct plants in terms of geome-

try: sage and grass. Because of the broader leaf area of

sage compared with grass (as viewed from above by a sen-

sor), dense sage should have a smaller shadow component

compared with dense grass cover in conditions of near-
vertical illumination. This should result in lower albedo and

less distinct carotinoid, chlorophyll, and leaf-water spectral
features for dense grass cover compared with sage. This

relationship is illustrated by comparing the PFRS spectra

of dense green grass (El 1) to that of green sage (7G) in

Figure 11-50.
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3. Spectral characteristics of soil/rock

a. Mineralogy. The laboratory spectral measurements of

Hunt and Salisbury as well as Hunt et al. (1970 to 1976)

demonstrated that many minerals have spectral absorption

bands in the VNIR that are caused by crystal lattice elec-

tronic and vibrational processes which are related to com-

position. To establish which minerals in the multimineralic

soils and clastic sedimentary rocks exposed in the Patrick

Draw test site have spectral absorption features capable of
affecting NS-100 sensor response, a mineralogical and

spectral analysis investigation was conducted.

Table !1-14 lists the minerals identified in XRD anal-

yses of 37 selected surface samples from the Patrick Draw

test site. This suite of 21 minerals is considered to represent

the major mineral constituents of the soils and rocks exposed
in the test site area. Sixteen of the minerals listed in Table

11-14 are characterized by absorption bands in that por-

tion of the VNIR spectrum measured by the

NS-001 scanner. Figure 11-52 is a composite diagrammatic

laboratory spectrum showing the locations and relative

depths of major absorption bands identified in 149 DK2A

laboratory spectra. The locations of the seven NS-001 VNIR
bands are also shown as a guide for the prediction of the

response of this sensor to some of the minerals listed in
Table 11-14.

Table 11-14. Mineralogy of Patrick Draw soil/rock determinedby
XRD analysisof 37 representativesurface samples

Mineral Formula

Albitea NA(AISi_Os)
A}unite KAI_(SO4)_(OH)_,
Biotite K(MgFe)3(AISi30 I.)(OH) -,
Calcite CaCO_
Chlorite (MgFeAI)_,[(AISi)40,_](OH)2
Fiuorapatite" Ca:(PO4)3F
Goethite FeO(OH)
Gypsum Ca(SO4) • 2H20
Hematite Fe,O 3
Hornblende Ca4Na:(MgFe)_(AIFe)z(AI4SiL:O44)(OH,F)_
lllite K(AI4 • Fe_. Mg4. Mg_)(AISi7Oa)(OH).,
Jarosite KFe(SO.0._(OH).
Kaolinite AI,(SizO_)(OH)_
Microcline" K(AISi_Os)
Montmorillonite X(AIMg),[(AISi)40 w](OH)_
Muscovite KAIz(AISi30_,)(OH)z
Plagioclase" (CaNa)[(AISil4Os]
Pyrite FeS,
Vermiculite Mg3(Si_Om)(OH)2• H:O
Quartz _ SiO,
Siderite FeCO_

"Mineral without absorption features in NS-001 bands.
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Figure 11-52, Compositediagrammatic laboratory spectrumillultrat-
Ing major mineral absorptionbands affecting NS-001 data. Abaorp-
Uon featureidentificationsare afterHuntand Sali_l_Jryas wellas Hunt
el el. (1970 to 1976).

Of the samples analyzed at Patrick Draw, only five ions,
radicals, and molecules-Fe _2, Fe _3, HOH, OH , and

CO 3 -'-cause the absorption features shown in Figure
11-52. A review of the chemical formulas of minerals listed

in Table 11-14 and consideration of the multimineralic

nature of Patrick Draw soil and rock demonstrate that

unique mineral identification is almost impossible using

spectral reflectance data from the seven NS-001 VNIR

channels alone. Furthermore, comparison of the depths and

locations of absorption bands shown in Figure 11-52 to the
depths and locations of absorption features associated with

vegetation (Figure 11-50; 7G, 8F, and E11) demonstrates

the significant potential for confusion in the analysis of the
spectra of mineral and vegetation mixtures. This observa-

tion is consistent with the conclusion of Siegal and Goetz

(1977, p. 195) in their modeling of the spectral response of

soil/vegetation mixtures:

Naturally occurring vegetation significantly masks and

alters the spectral response of earth materials. The sig-

nificance of vegetative cover depends primaril) on the

amount and type of vegetation and the spectral reflec-
tance of the ground.

b. Soil�rock grain size. Variations in soil or rock grain

size may result in significant variations in the _pectral

response of soils and rocks. Grain-size-induced variations

in visible spectral response have long been recognized by

the hand-specimen mineralogist. Finely powdered mate-

rial tends to be lighter colored (has higher albedo in the
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visible spectrum) than coarse material. This visible albedo
effect has been used in the so-called "streak test" of hand-

specimen mineralogy. This albedo increase with decreas-

ing particle size was reported by Adams and Filice (1967).
They noted that there are also wavelength-dependent

changes associated with the decrease in particle size below

0.5 mm (medium sand). They attribute such wavelength-

dependent, grain-size-induced changes to the relative con-

tribution of the diffuse and specular component of reflected

energy.

Fine particulate materials (<20 ttm in diameter, i.e., fine

silt and clay) form reflecting surfaces with a larger specular
component when compared to coarser materials. Appar-

ently, the Rayleigh criterion for a smooth surface is real-

ized with such particle diameter at higher wavelengths of
the VNIR (Beckman and Spizzichino, 1963. p. 9). Less

diffuse energy (the absorbed component) is available for

interaction within the reflecting material, This results in a
decrease in the net amount of incident energy available for

absorption and a decrease in the depth of absorption bands
characteristic of the material.

The practical significance of these relationships is illus-

trated in Figure 11-53. Sample 8514, a light-gray clay soil

from the central portion of the test site area, was found to

be primarily calcite based on XRD and acid digestion. The

laboratory spectrum for this sample lacked the characteris-
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tic CO_ : absorption band near 2.3 #m. Sieve analysis of

grain size revealed that this sample was composed of parti-

cles <74/_m in diameter (fine silt and clay). Also shown

on this figure are the spectra of a calcite crystal and a

<74-/am powder obtained from grinding the crystal. Com-

parison of these curves reveals a loss of the diagnostic
calcite absorption band. According to Hunt and Salisbury

(1970b, p. 26) this gain-size-dependent phenomenon is

most significant for materials with high refractive indices,
such as calcite.

D. Equivalent NS-001 Band Reflectance Values

Obtained From PFRS Spectra

To evaluate the response of the NS-001 sensor to surfi-

cial material in the Patrick Draw test site, PFRS field spec-

tral data were used to determine equivalent NS-001 band

reflectance values. This information, in conjunction with

laboratory spectral and mineralogical data, may be used as

a guide for the optimal enhancement and interpretation of

NS-001 raw band images for the test site area.

1. Equivalent NS-001 band values. Equivalent NS-001
band reflectance values were obtained from each of the

260 PFRS spectra. This was accomplished by determining the

average interval reflectance for each of the seven

NS-001 VNIR bands in each of the 260 PFRS spectra.
These data were tabulated and used to determine band

reflectance maximum and minimum, band-ratio maximum

and minimum, ranges, means, and standard deviations.

Table 11-15 and Figure 11-54 summarize the raw band

equivalent PFRS spectra for all field samples, except those

for asphalt pavement. Figures 11-55 through 11-59 are

photographs of the five PFRS spectral sample sites included

in Figure 11-54.

As would be expected from the general relationships
described above, maximum reflectance values in all bands

occur in a soil spectrum (37A) and minimum reflectance in

vegetation (36E, 8F, 7G). The lowest value occurs in band l

(6.6 percent for sage sample 36E) and the highest value in

band 6 (81.6 percent for soil sample 37A). The PFRS spec-

trum most closely exhibiting the mean value in all seven

raw bands is soil sample 16A. The maximum range in val-

ues occurs in band 6 and the minimum range in band I.

These relationships predict that the highest NS-001 band
values are diagnostic of soil/rock and the lowest values are

diagnostic of vegetation.

2. Equivalent NS-001 band-ratio values. A well-

established processing technique for recognizing absorption

bands in multispectral remote sensing data involves the crea-

tion of band-ratio images. Color ratio composite (CRC) images

enhance reflectance differences in material and subdue slope
effects (Goetz and Rowan, 1981).

To predict the NS-001 band-ratio response of surface

material at Patrick Draw, equivalent band-ratio values were

calculated using the equivalent PFRS band values described

above. This information, in conjunction with laboratory

spectral and mineralogical data, may be used as a guide

for the optimal enhancement and interpretation of NS-001
ratio images for the test site area.

Table 11-16 and Figures 11-60 and 11-61 summarize the

21 equivalent NS-001 VNIR band-ratio values calculated

using the PFRS spectra from Patrick Draw. A maximum

ratio value of 3.7 was obtained for band 5/! in sample 7G

(green sage); a minimum ratio value of 0.1 was obtained

for band 7/5 in sample 7I. Of the 260 PFRS spectra mea-
sured at 60 sites, only five exhibit all maximum ratio val-
ues and six exhibit all minimum ratio values.

A review of Table 11-16 reveals that the maximum or

minimum values for several ratios are represented by the

same samples, e.g., 4B and 36E for band-ratios 2/! and

Table 11-15, Summary of equivalent NS-001 band reflectance values determined

from 260 PFRS field spectra measured at 60 sites

Equivalent Approximate
Channel

N S-O01 Band
Center,/tm

Reflectance Value, %, From PFRS Spectra (Sample Number)

Standard
Maximum Minimum Range Mean

Deviation

I 0.49 42.0 (37A) 6.6 (36E) 35.4 19.1 7.3

2 0.56 53.0 (37A) 7.0 (36E) 46.0 25.7 9.6

3 0.66 58.2 (37A) 7.8 (36E) 50.4 30.4 11.0

4 0.83 63.0 (37A) 15.4 (8F/36E) 47.6 37.7 9.5

5 1.15 70.0 (37A) 18.2 (36E) 51.8 43.3 9.8

6 1.65 81.6 (37A) 17.4 (36E) 74.2 48.6 13.1

7 2.22 77.0 (37A) 10.8 (7G) 66.2 41.4 13.5
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Figure 11-54. PFRS field spectra exhibiting maximum, minimum, and mean equivalent NS-001 band reflectances (see Table 11-15). The spectrum

for the light brownish-gray, silty clay soil (16A) exhibits the mean equivalent retlectances in the seven NS-001 VNIR bands. Figures 11-55 through

11-59 are photographs of the sample sites where these spectra were acquired.

3/1, and 8F and 7G for band-ratios 7/3, 5/4, 6/4, 7/4, 6/5,

and 7/5. For ratios showing the same samples with mini-

mum and maximum values, the ratio exhibiting the largest

range of values is considered most "significant" in terms of

its potential usefulness for discriminating among different
surface materials. Ratios with minimum or maximum val-

ues that do not differ from the mean by more than one

standard deviation are not considered significant. On the
basis of these two measures of significance and an evalua-

tion of field descriptions and XRD mineralogical analyses

of the PFRS samples, the following observations were made:

(I) Band-ratios 2/i and 3/1 are equivalent; band-ratio

3,/1 values are more significant because of the larger

range of values. High values occur in reddish-brown,

sandy, Fe*_-bearing calcareous and kaolinitic soils

of the lower Bitter Creek drainage (4B). Low values

occur in sage (36E).

(2) Band-ratios 6/1 and 6/2 are equivalent; band-ratio

6/1 values are more significant because of the larger

range of values. High values occur in gypsiferous,

quartz-poor soil (34D). Low values occur in mica-

ceous, quartz-rich soil (38E).

(3) Band-ratios 7/!, 7/2, 7/3, 5/4, 6/4, 7/4, 6/5 and 7/5

are equivalent; band-ratio 7/2 values are most sig-
nificant because of the largest range of values. High

values occur in dead sage (8F/G). Low values occur

in healthy, green sage (TG/I).

(4) Band-ratio 6/3 exhibits high values in dead sage (SG)

and low values in micaceous, quartz-rich soil (38E).

(5) Band-ratio 7/6 exhibits high values in clay-poor,

quartz-rich soil (21B) and low values in healthy sage

(7G).

Table l 1-17 summarizes these relationships.
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Figure 11-55. Photograph of PFRS field spectrum site 37A, which

exhibited the maximum equivalent reflectances of 260 field spectral

measurements in all seven NS-001 VNIR bands (see Table 11-15

and Figure 11-54)

Figure 11-57. Photograph of PFRS field spectrum sire 8F, which

exhibited the minimum equivalent reflectances of 260 field spectral

measurements In NS-001 VNIR band 4 (see Table 11-15 and Figure

11-54). Sage from area of stunted sage is shown.

Figure 11-56. Photograph ol PFRS field spectrum site 36E, which

exhibited the minimum equivalent reflectances of 260 field spectral

measurements in NS-001 VNIR bands 1, 2, 3, 4, 5, and 8 (see Table

11-15 and Figure 11-54). Healthy sage is shown.

Figure 11-58. Photograph of PFRS field spectrum site 7G, which

exhibited the minimum equivalent rellectances of 260 field spectral

measurements in NS-O01 VNIR band 7 (see Table 11-15 and Figure

11-54)
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3. Conclusions. The analysis of PFRS/laboratory spec-

tra for the Patrick Draw test site demonstrates that:

(1) Reflectance values in all seven NS-001 VNIR bands

(albedo) tend to be lower in vegetation than in soil

or rock.

(2) The most useful spectral information for the charac-

terization of surface material is the location and depth

of diagnostic absorption bands. In NS-O01 images,

such absorption features might best be portrayed by

selected band-ratio color composites. An evaluation

of equivalent NS-O01 band-ratio values obtained from

260 PFRS spectra reveals that only five of the 21

possible NS-001 VNIR band ratios have the greatest

potential for discriminating cover materials in the test

site area. No ratio values may be uniquely' attributed

to a single surficial material.

Figure 11-59. Photograph of PFRS field spectrum site 16A, which

exhibited the mean equivalent reflectances of 260 field spectral

measurements in all seven NS-001 VNIR bands (see Table 11-15

and Figure 11-54)

(3) Variation in soil and rock spectra is minimal when

compared with soil/rock versus vegetation varia-

tions. Spectral variability due to variations in vege-

tation density mask absorption features attributable

to changes in soil/rock mineralogy.

Table 11-16. Summary of equivalent NS-001 band-ratio values determined

from 260 PFRS field spectra measured at 60 sites

Equivalent
Ratio Value From PFRS Spectra (Sample Number)

NS-001 Band Ratio Maximum

2 '1 1.714B)

3 '1 1.9 (4B)

4 '1a 3.617G)

5 Ia 3.7 (7(J}

6 I 3.5 (34I))

7 I 31) 18I: (i)

3 2 a 1.3 (34DI

4 2" 2.9 (7G)

5 2 a 2.917(J)

6 2 2.8 (34D}

7 2 2.5 (8F)

4 3_ 3.0 17G_

5 3d 3.0 {7G)

6 3 2.4 (8(})

7 3 2.2 {SF}

5 4 1.4 (8G)

6 4 1,8 {SF)

7 4 1.7 (8t:i

6 5 1.4 (8F)

7 5 1.2 (8F)

7 6 I.(}[21B)

Minimum

I.I (36E}

1.2 {36E)

1,5 I35F '37A)

1.6 (35F)

1.9 {38E}

1.2 (7G

1.0 {7G

I.I (35F

1.2 _35F

1.4 (38E

{}.t}_7G)

1_1 {35F

I.I {381i

1.3 {38E)

0.9 {7(; )

1.0 (7G)

0,6 17(i)

(1.3 {7GI

1).6 {7G }

0.1 (7G/'I)

06 (7(;)

"Not considered signilicant

In Ca n.

Standard
Range Mean Deviation

0,6 1.4 0,1

0.7 1.6 0.2

2.1 2.2 0.g

2.1 2.5 O9

1.6 2.7 0.5

O8 2.2 0.4

{I.3 1.2 0.2

0.8 1,6 0.6

1.7 1,8 0.6

t.4 2O o.3

1.6 1.7 (}.3

I.q 1.4 06

1.9 1.6 0.6

I.I 1,7 0.3

13 1.4 0.2

0.4 1.2 O. 1

1.2 1.3 0.2

1.4 I, l 0,3

0.8 I.I 0.2

I, I (}.q o.2

0.4 0.8 O. I

range of _alues not more than one standard deviatitm abo_e and below the
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Table 11-17. Signiflcanl NS-001 VNIR band ratios for the enhancement and interpretation of

Images based on the analysis of 260 PFRS spectral measurements at 60 sites

NS-001 Interpretation

Band Ratio
High Values Low Values

3/1

6,/I

7/2

6/3

7/6

Fe* Lbearing soil and/or no green

vegetation

Gypsiferous (HOH-bearing) quartz-

poor soil and/or mica-poor (OH -

lacking) soil

Dead vegetation and/or lack of

green vegetation

Dead vegetation and/or quartz-

poor soil lacking mica (OH lacking)

Quartz-rich soils (poor in OH ,

CO 1 :, or HOH) and/or no green

vegetation

Green vegetation and/or soil

lacking Fe' 3

Quartz-rich micaceous (OH -

beating) soil and/or gypsum-poor

(HOH-lacking) soil

Green vegetation and/or lack of

dead vegetation

Quartz-rich micaceous (OH -

bearing) soil and/or lack of dead

vegetation

Green vegetation and/or quartz-

poor (OH , CO_ "-,or HOH-

bearing) soil

E. NS-001 Image-Derived Spectra--
The Calibration Problem

1. Introduction. One strategy in spectral analysis ks to use

field and laboratory spectra as a guide for enhancing and

interpreting multispectral images. Field and laboratory
spectral analysis of the Patrick Draw test site was based on

over 400 spectral measurements at over 200 sites. NS-001

multispectral data acquired in each of two overflights,
however, include spectral measurements at over 3 million

sites (picture elements or pixels) in the test site area.

2. Characteristics of NS-001 data. The NS-001 scanner

records VNIR spectral data as uncalibrated radiance val-

ues scaled from 0 to 255 digital numbers (DNs). Prior to
their use in producing images, data from each band are

routinely processed for gradient removal and "stretched."

The gradient removal is presumed to remove atmospheric
and illumination aspect effects or at least normalize these

effects for the scene. The initial stretch is an offset and gain

applied to the raw data so that it fills the 255 DN range
available for each band. The uncalibrated nature of these

initially processed data is illustrated in Figure 11-62, which

compares uncalibrated image-derived spectra and PFRS

spectra from three more or less spectrally homogeneous

locations in the test site. The disparity in both form and

magnitude of these three pairs of spectra is in part due to

(1) the differences in the gain and offset for the detectors

for each band and (2) the gain and offset applied in the

initial stretch. A potential pitfall in the routine application

of the preliminary stretch is demonstrated by the satura-

tion (DN = 255) in all bands for the image-derived spec-
trum for the playa. The original raw NS-001 data for this

location were not saturated in any band. Such a processing
artifact must be avoided to preserve all the radiometric
information acquired by a scanner.

During each of the two NS-001 overflights of the Patrick

Draw test site, the scanner measured average radiance in

each of the bands at over 3 million 18.5-m (60.5-ft) by

18.5-m locations (pixels). The minimum surface target
dimensions for one pixel to represent a known area of

homogeneous reflectance on the ground is approximately

NS-O01
BAND
CENTER

PAVED ASPHALT ROAD (PFRSI

---- PAVED ASPHALT ROAD (IMAGE DN)

DRILLING PAD (PFRS)

-- DRILLING PAD (IMAGE DN)
m. PLAYA (PFRS} SAMPLE38I
•.-- PLAYA (IMAGE DN) SAMPLE 381

Figure 11-62. A comparison of uncalibratad NS-001 Image spectra and

equivalent seven-point PFRS-derlved spectra for three relatively

homogeneous targets In the Patrick Draw test site (from Mission 390,

line 4, data acquired October 19, 1978)
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55.5 m (181.5 ft) by 55.5 m (3 by 3 pixels). Surficial cover
at Patrick Draw includes cultural, vegetation, soil, and

bedrock elements of variable spectral character. Field

spectral measurements clearly demonstrate that nowhere

in the test site do spectrally homogeneous elements cover

areas equivalent to 3 by 3 pixels. All spectral measure-

ments made by the scanner were, therefore, obtained for

mixtures of spectral classes. It is practically impossible to

measure in the field the spectrum of a single pixel area

whose radiance was measured by the scanner. At best, the

200-cm 2area sampled for a PFRS spectrum can only char-

acterize a single point in the mixed spectral continuum

sampled by the sensor.

Statistical analysis provides some insight into the nature

of the NS-001 spectral data acquired at Patrick Draw. Table

11-18 includes the correlation matrices for the data acquired

in the two NS-001 overflights of the test site area. These

data clearly demonstrate the high correlation of all bands

for both flights. Although acquired during different sea-
sons, in different years, both matrices are in agreement.

This agreement may be considered evidence for consis-

tency in the scanner's radiance measurements. The great-
est difference between the two matrices is the lower

correlation between bands 2 and 5, 2 and 6, and 2 and 7

for Mission 407 data. This decrease in correlation may be

attributed to an increase in vegetation influence for these

August data.

The histograms for each of the seven VNIR band DN

values in the initially processed data for both flights are
Gaussian distributions. This lends credence to the observa-

Table 11-18. Correlation matrices for the seven NS-001 VNIR band

data acquired in two overflights of the Patrick Draw test site

NS-O01
I 2 3 4 5 6 7

Band

Minion 390, Line 4, October 19, 1978

I 1.00

2 0.97 1.00

3 0.95 0.99 1.00

4 0.88 0.93 0.92 1.00

5 0.87 0.91 0.94 0.92

6 0.89 0.91 0.94 0.88

7 0.89 0.90 0.92 0.84

1.00

0.97 1.00

0.92 0.97 1.00

Mission 407, Line 4, August 28, 1979

1 1.00

2 0.97 1.00

3 0.91 0.93 1.00

4 0.88 0.90 0.94 1.00

5 0.81 0.84 0.90 0.94

6 0.80 0.83 0.90 0.87

7 0.82 0.83 0.87 0.83

1.00

0.93 1 .(30

0.85 0.91 1.00

tion that the scanner measured radiance values in a single

spectral population or in a population composed of a spec-

tral continuum composed of mixed spectral end members.

Principal components analysis provides additional insight

into the nature of NS-001 data. (A complete discussion of

this multivariate statistical technique is presented by Davis,

1973.)

Table 11-19 summarizes the seven VNIR-band eigen-

vectors for the first three principal components (PCs)
determined for Mission 390 NS-001 data. Also included

are percent variance explained by each PC. The numerical

values for the eigenvectors are rather low for all bands.

This reflects the high correlation among the bands. Over

85 percent of the variance in the NS-001 data is associated
with the first three PCs.

Understanding the physical meaning of these new vari-

ables is aided by interpreting the PC spectra shown in Fig-
ure 11-63 according to the spectral characteristics of Patrick

Draw cover types discussed above. The first PC is approxi-

mately equally and positively correlated with all bands. It

may be considered an approximation of the mean radiance
value for all seven bands or a measure of albedo of the

surface material. Over 63 percent of the variance of the

NS-001 data is explained by this first PC. Apparently, most

of the spectral variability of Patrick Draw cover may be

attributed solely to variation in albedo. This observation is

consistent with the high interband correlations shown in

Table 11-18. The greatest variation in albedo for surface

materials at Patrick Draw is associated with soil/rock (high

albedo) and vegetation (low albedo). An increase in the

first PC, therefore, is largely a measure of an increase in

the contribution of the soil/rock spectral component or a

decrease in the vegetation spectral component.

The second PC is most positively correlated with band 7.
It is also positively correlated with bands 6 and 5. Negative
correlations are associated with bands 1, 2, 3, and 4. This

PC will vary in a manner similar to band ratios having
bands 5, 6, and 7 in the numerator and bands 1, 2, 3, and 4

in the denominator. These relationships support the inter-

pretation that V2 is a measure of the soil/rock spectral con-
tribution; an increase in the second PC is a measure of an

increase in the contribution of the soil/rock spectral com-

ponent. The 11 percent variance explained by this compo-
nent may be considered a measure of the contribution of

"pure" soil/rock spectral classes to the variance of these
NS-001 data.

The third PC is positively correlated with band 4, where

the highest eigenvector seen in Table 11-19 occurs. It is
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Table11-19.NS-001Mission390,October,1978,principalcomponentsanalysis:Elgenvectors
ofsevenVNIRbandsforthefirstthreePCs

Variance

Explained, _,
PC

Eigenvectors for Indicated NS-O01 Band

I 2 3 4 5 6 7

63.7 V I 0.3825 0.4048 0.4085 0.3748 0.3526 0.3511 0.3672

11.3 V2 0.3468 -0.3608 -0.1682 -0.3329 0.3063 0.4652 0.5476

10.2 V3 -0.4992 -0.1883 0.0724 0.6819 0.3884 0.0448 0,3033

E85.2

also positively correlated with band 5 and negatively corre-
lated with bands 1, 2, and 7. The overall form of this third

PC spectrum is analogous to the spectral reflectance curve

for vegetation. These relationships support the interpreta-

tion that V3 is a measure of the vegetation spectral contri-
bution; an increase in the third PC is a measure of an

increase in the contribution of the vegetation spectral com-

ponent. The 10 percent variance explained by this compo-
nent may be considered a measure of the aibedo-

independent contribution of pure vegetation spectral classes
to the variance of these scanner data.

3. Calibration of NS-001 data. To use the NS-001 sen-

sor as an airborne spectrometer, scanner radiance data must
be converted to reflectance-the uncalibrated DN radiance

values must be converted to calibrated reflectance values.

Gillespie and Kahle (1977, p. 987-988) developed an

approach that used PFRS field spectral data to calibrate

M2S aircraft data at Pisgah Crater, California. Prost (1980,

p. 899) used the same approach with laboratory spectral
data to calibrate aircraft scanner data at Gold Acres,

Nevada. In the Gillespie and Kahle approach, scanner DN

values for at least two ground locations of known reflec-
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tance in each band (based on PFRS or laboratory spectral

data) are mathematically forced to yield equivalent reflec-

tance values by applying an offset and gain (linear stretch)

determined from a scatterplot of DN versus known reflec-

tance. This stretch is then applied to the DN values of all

pixels to yield calibrated DN values which are equal to

PFRS or laboratory reflectance. A potential pitfall in such

an approach is the inherent assumption that the "true"

reflectance of any pixel can be determined by laboratory

or PFRS spectral measurements. The nature of most areas

of the Earth's surface, including Patrick Draw, inhibit the

ability to determine the true reflectance spectrum of any

real ground area represented by any pixel. The primary

inhibiting factors include:

(1) Lack of spectral homogeneity at the pixel-area scale

due to the mixing of numerous spectral phases such

as different soils and rocks, vegetation, shadows, etc.

(2) Temporal- and aspect-dependent spectral variability

due to atmosphere, soil moisture, state of vigor and
composition of vegetation, slope, specular reflec-
tance effects, and solar illumination conditions.

The significance of these factors is obviously site specific.
Evaluation of these factors for Patrick Draw demonstrated

that calibration of NS-001 data could only be accom-

plished by a modified Gillespie and Kahle approach.

After gradient removal, data from the geometrically cor-
rected NS-001 Mission 390, line 4 were linearly stretched
with the restriction that no DN values be decreased to 0

nor increased to 255. Analysis of the histograms for all seven
VNIR band data revealed that their distributions were all

Gaussian. It was assumed that:

(11 The atmospheric and illumination aspect effects had

been effectively removed or at least normalized in

gradient processing.

(2) The NS-001 detector response was linear.

(3) The PFRS spectral sample was statistically represen-

tative of the scanner spectral population.

Based on these assumptions, calibration stretches for each
band of the Patrick Draw NS-001 data were determined

from least squares fits of scatterplots of minimum, mean,

and maximum DN (from the histograms of the linearly
stretched data) versus minimum, mean, and maximum

PFRS reflectance (from Table 11-15). These scatterplots are

shown in Figure 11-64. The goodness of fit for these

regressions is considered evidence that the assumptions made
in this calibration procedure were correct for the Patrick
Draw data.

250 I

200

150

loo

5o

o
o 20 40 60 80 lOO

PFRS REFLECTANCE, %

Figure 11-64. Calibration curves used to determine offsets and gai_

that were applied to NS-001, Mission 390, line 4 data to convert imag

DN radiance values to equivalent PFRS retlectances. Least squan

fits ol minimum, mean, and maximum equivalent PFRS reflectan,

versus minimum, mean, and maximum image DN radiance in eax

band were used to produce the seven straight.line calibration curvl

shown. Points used in the calibration are indicated by cross symb_

To put these data in a form that would be useful in ima

analysis, seven images were prepared, which displ

equivalent PFRS reflectance for the NS-00I data in 5 p_
cent reflectance color slices (Figures I [-65 through 11-7

To further test the validity of these calibration stretch,

reflectance spectra for several locations were determin

from the seven calibrated images and were compared

PFRS spectra obtained at the same location (Figure 1 I-7

The similarity of equivalent spectra pairs is apparent. E

ferences are considered a measure of the 5 percent pre

sion of the image portrayal of reflectance and the inabi

to determine the true reflectance for any pixel based

PFRS data. These results are considered further empiri

evidence for the validity of the initial asst, mptions and

calibration approach used.

This approach to calibration provides an effective pr(

dure for image calibration and an efficient strategy for
acquisition of field spectra, In operation, the proced

would involve the following steps:

(1) Acquire scanner data over the site of interest, m

taining onboard detector offset and gain so

DN 0 and DN 255 are not recorded in any chant
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(2) Preprocess scanner data, with gradient removal and
an initial linear stretch, to maintain the DN 0 and
DN 255 exclusion.

(3) Examine histograms for each channel, and select
optimal DN values in each for calibration (e.g., if

histograms are Gaussian: minimum, mean, and
maximum DN values).

(4) Prepare an image for each band which alarms the

ground location of all pixels exhibiting the optimal
DN values determined in item (3).

(5) Acquire appropriate field-band reflectance values for
the alarmed locations.

(6) Prepare DN versus reflectance scatterplots; deter-

mine offset and gain for each channel.

(7) Apply calibration stretch to each channel.

4. Conclusions. Effective image calibration can be

accomplished even in areas such as Patrick Draw where

the "true" reflectance spectrum for any pixel area cannot

practically be determined. The utility of calibrated data does

not reside in the superiority of calibrated images for dis-
crimination of geologic materials; calibration is nothing more

than a stretch-a stretch not designed to optimize separa-

tion. The utility of calibrated data resides only in their por-

trayal of the original scanner data in a form that may be

compared directly to field or laboratory spectra. With cali-

brated data, the "true" spectra of units identified in images,

which have been optimized for discriminating geologic
materials, can be retrieved from the scanner data, Cali-

brated multispectral data provide a direct means for char-

acterizing surface composition from established principles

of spectral reflectance.

IX. NS-001 Image Analysis

A. Mapping Tonal/Textural Units

1. Introduction. One method of image analysis consists

of an interpreter visually examining an image print and

tracing the outline of each distinctive tonal/textural area

observed. Tonal/textural units portrayed by the image data

are thus subjectively defined. The image itself is consid-

ered an unlabeled map that objectively portrays the distri-

bution of surface materials. The physical meaning (labels)

of units recognized by the interpreter is determined by

comparison to available ancillary information, such as

geologic, soil, topographic, and vegetation maps, field

examination, and laboratory/field spectral measurements.

Even if the interpreter is not able to rigorously establish,

on the basis of spectral evidence, the cause-and-effect rela-
tionship between cover characteristics and image units, the
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Figure 1%65. NS-100, Mission 390, line 4 calibrated image for band 1.

Equivalent PFRS reflectance is scaled using 5 percent reflectance color

slices, which are displayed in dark blue (5-10 percent), medium blue

(10-15 percent), etc., to flesh tone (80-85 percent) as shown on the

color bar. Offset and gain used for this calibration are illustrated in

Figure 11-64,
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Figure 11-66. NS-001, Mission 390, llne 4 calibrated image for band 2.
Refer to Figure 11-65 for explanation.

Figure 11-67. NS-001, Mission 390, line 4 calibrated image for band 3.
Refer to Figure 11-65 for explanation.
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Figure 11-68. NS-001, Mission 390, line 4 calibrated image for band 4.

Refer to Figure 11-65 for explanation. Figure 11-69. NS-001, Mission 390, line 4 calibrated image for band 5.

Refer to Figure 11-65 for explanation.
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Figure 11-70. NS-001, Mission 390, line 4 calibrated image for band 6.
Refer to Figure 11-65 lot explanation.

Figure 11-71. NS-001, Mission 390, line 4 calibrated image for band 7.
Refer to Figure 11-65 for explanation.
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Figure 11.72. A comparison ol calibrated NS-001 image spectra and

equivalent seven-point PFRS-derived spectra for three targets in the

Patrick Oraw test site. The PFRS spectra shown for the playa and

drilling pad represent averages Irom multiple field spectral measure-

ments; the soil sage PFRS spectrum was calculated using typical soil

and typical sage PFRS spectra, which were mathematically mixed using

the model of Siegal and Goetz (1977).

image interpretation is still considered a portrayal of dif-
ferences between and variations within cover classes. Each

unit recognized is assumed to be the unique result of the

combined influence of rock, soil, vegetation, moisture, sur-

face texture, topography, etc. If, by comparison to the

available ancillary data, the cause of a unit cannot be
accounted for, the unit is commonly referred to as an

"anomaly."

2. Results of tonal/textural interpretation of NS-001
data. During the Patrick Draw test site investigation, the

approach described above was used to interpret many

NS-001 images. One such image and the resulting inter-

pretation are illustrated in Figures 11-73 and 11-74,

respectively.

The NS-001 ratios used in producing the Figure II-73

color ratio composite (CRC) image were selected based on

a preliminary examination of the spectral characteristics of

Patrick Draw cover types as illustrated in Figures 11-50

and !1-52. The band-ratio 3/2 (image red) should be higher

in soil/rock than in vegetation (Figure 11-50); the presence

of hematite arid/or goethite in soils/rocks should also result

in higher ratio values (Figure 11-52). Band-ratio 6/1 (image

green) is largely a measure of albedo, increased vegetation

is characterized by lower ratio values (Figure 11-50). Band-

ratio 6/7 (image blue) should be higher in vegetation than

in soil/rock (Figure 11-50). The presence of clay-bearing

soil/rock, however, should also increase ratio values (Fig-

ure 11-52).

On the basis of these spectral considerations, compari-

sons to other ancillary data, and field examination, the image

analyst provided the following explanation for the 18 tonaL/

textural units recognized in Figure 11-73:

(I) Brown. All ratios approximately equal and rela-

tively low; slightly lower values in band I or slightly

higher values in band 6. Represents barren areas of

relatively low albedo: areas of bare rock in shad-

ows and areas of dark exposed soil near the rail-
road track.

(2) Pink-magenta. High values for all ratios: 6/1 val-

ues somewhat higher and 6/7 somewhat lower than

3/2. Areas of relatively well-exposed, dry. red or

yellow soil or rock.

(3) Red. High 3/2 values and lower 6/7 and 6/1 val-
ues. Areas of yellow or red clay-rich soil most com-

mon along the valley of Bitter Creek.

(4)

(5)

Indigo. Low values for all ratios: 6/7 values some-

what higher, Areas of very little soil/rock expo-

sures (covered by relatively dense sage) and/or very

high clay content in exposed soil/rock. Areas of

relatively well-developed moist soil.

Lavender. High values for all ratios: 6/1 values
somewhat lower. Areas of fairly heavy vegetation

cover with clay-rich soil. Most common along Patrick

Draw where relief is low and soil moisture is high.

(6) Pale pink. Similar to item (2), but with somewhat

higher values for all ratios. Areas of relatively well-

exposed red or yellow soils in the southeastern

Bitter Creek drainage,

(7) Mixed turquoise/green. Higher values for all ratios:

dominated by high values in band 6. Dry areas of

moderate vegetation cover; dip slopes of resistant
units within the Fort Union Formation on the west

side of the image area.

(8) Sky blue. High values for all ratios: dominated by

high 6/7 values. Protected areas with high soil

moisture and well-developed vegetation cover: side

slopes of major drainage.

(9) Dark blue-violet. Low values for all ratios: 6/7

values somewhat higher. Areas of heavy vegeta-
tion: similar to those described for item (8), but

partially shadowed.
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Tonal/Textural Unit And

Dominant Image Color

1 - brown

2 pink-magenta

3 - red

4 - indigo

B lavender

6 pale p._k

7 mlxe_l ttlrquolse f(]reen

8 sky blue

9 dark blue to violet

10 yellow and yellow green

11 r_ixe(I bhle/¥ellowtgreer

12 yellow gray

13 - mqxed ,,'ellowrblue

14 mixed purple(pink

1B violet

16 tawny yellow

17 white

1B (]old

Unlabeled var_al)te

Figure 11-73. NS-001, Mission 407, line 4, August 28, 1979, CRC

image: ratio of bands 6/7, displayed in blue; 6/1, green; and 3/2,

red. This image was used for the tonal/textural interpretation illus-

trated in Figure 11-74.

N
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L___J

Figure 11-74. Tonal/textural units and dominant image colors rec,

nlzed in an interpretation o! a band 6/7 (blue), 6/1 (green), 3/2 (i

NS-001 CRC image (Figure 11-73)
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(10) Yellow and yellow green. High values in band I

and in the 6/1 ratio. Relatively' sparsely vegetated
areas of light-colored, clay-poor, sandy, poorly'

developed soils. Topographically high interstream
areas.

(I I) Mixed blue/yellow/green. Relatively, small-scale

intermixing of items (8). (9), (10), resulting in a

mottled texture. Areas of variable vegetation cover

and irregular topography.

(12) Yellow gray'. Topographically smooth, relatively

sparsely vegetated areas: characterized by dry

calcareous soils, which will not support vigorous

vegetation.

(13) Mixed yellow/blue. Areas similar to item (ll), but

with more abrupt cover changes. Dissected terrain

where intermixed shale and sandy soils are exposed.

Locally, heavily vegetated in low. flat subareas where
moisture is available.

(14) Mixed purple/pink. A mottled mixture of items (2)

and (10). Areas of sparse vegetation and irregular

topography.

(15) Violet. Similar to item (4), but with a slightly, higher

3/2 component. High percentage of herbaceous

compared to shrubby vegetation cover.

(16) Tawny yellow. High values for all ratios. Light-

colored, calcareous, clay-rich soil/rock with sparse
vegetation cover.

(17) White. Similar to item (16}, but with higher values

in all ratios. Essentially unvegetated areas of cal-
careous bare rock exposure.

(18) Gold. Moderate values tBr all ratios: 6 7 lowest.

Areas of poorly developed, yellow or tan, clay-poor

soils with little vegetation cover.

3. Conclusions. A comparison of soil unit characteristics
(Tables I 1-6 and 11-7) and distribution (Plate I 1-2) to tonal/

textural units recognized in this NS-001 image interpreta-

tion (Figure 11-74) demonstrates the correlation between
image units and soil units. The subdivision of some areas

in the tonal/textural interpretation, which are not subdi-

vided in the soil map, is considered an indication of the

sensitivity of the multispectral data for discriminating local
variations in surface cover. NS-001 images may be inter-

preted to delineate subtle areal changes in soil characteris-

tics that are not always identihed using conventional field

soil mapping procedures alone.

Even in relatively' sparsely vegetated areas such as Patrick

Draw, vegetation has a significant influence on the colors

and textures perceived in the multispectral image interpre-
tation. Explanation of each of the 18 units recognized in

the tonal/textural interpretation of an NS-001 CR(" image

required consideration of the vegetation component: nine

of the units recognized were interpreted to be dominated

by vegetation influence,

B. A Tonal Anomaly Coincident With an Area of

Anomalous Vegetation

I, Introduction. Early in the NS-001 image interpreta-

tion phase of the test site investigation, a tonal anomaly

was recognized that coincides with an area of anomalous

stunted sage. The field ,'laboratory evaluation of this anomaly
is discussed in Paragraph VII.B, and the image characteris-
tics of this feature are described below.

2. Image characteristics. The hand-shaped outline c,f unit

12. south of Interstate Highway 80, near the west edge of

Figure 11-74, coincides approximately with the outline of a

tonal anomaly' recognized in many NS-001 images. This
unit was considered anomalous because of its lack of areal

correlation with previously mapped geologic, soil, or vege-

tation units. Examination of available aerial photographs

and Landsat MSS images revealed that this anomaly was

not detectable in these data. NS-001 images in which the

anomaly was most easily, recognized and its image charac-
teristics include:

(1) PC image CA in Figure I 1-75). Anomaly is an area

of high PC 2 and PC 3 values (yellow in a region of

green).

(2) CRC image (Figure 11-76). Anomaly appears as an

area of high 6/1 in an area of higher 3,2 (green in a
region of velh)wish green).

(3) Color ratio slice (4/2. Mission 390). Anomaly exhibits

lower ratio values than surrounding area.

(4) Color ratio slice (6/7, Mission 390). Anomaly exhibits

higher ratio values than surrounding area.

(5) Calibrated images (Figures 11-65 through 11-71).

Anomaly, is best displayed in Figure 11-71 (band 7)

where it appears as a yellow area surrounded by

green: i.e., the anomaly has approximately 5 percent

higher reflectance than the surrounding area.

3. Interpretation. Based on the image characteristics of

the anomaly and on the spectral characteristics of Patrick
Draw cover types, the anomaly defines an area of less dense

and less vigorous vegetation in an area of high albedo soils
with a higher concentration of minerals with absorption

features in NS-001 band 7 (Figures I 1-50 and I 1-52).
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Figure 11-75. Geometrically rectified NS-001, Mission 390, line 4

PC Image: the first PC is displayed in red; the second, green; and

the third, blue. A shows the location of a tonal anomaly (a yellow-

toned area in a region o! green) which coincides with the areal dis-

lribuflon of anomalous stunted sage. B points to a dlstlnet tonal unit

(pink tone in a region of green) which has a slnusoidal, generally

NNE-SSW trend. C identifies an apparent thin bedding unit (pink

line on yellow/green background). Points labeled X identify the

endpoints ol a lineament discussed in Paragraph IX.D.

Figure 11-76. Geometrically rectified NS-001, Mission 390, line 4 CRC

image: band 3/2, displayed in red; 6/1, green; and 6/7, blue. The

features identified In Figure 11-75 are also recognizable In this image.
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C. Geologic Mapping

!. Introduction. To evaluate the utility of NS-001 mul-

tispectral data for geologic mapping, selected geometri-

cally rectified images from Mission 390 data were interpreted

using photogeologic/geomorphic analysis procedures. Fig-

ures ll-75 and 11-76 are two of the images used in this

analysis. Elements of this interpretation included key bed
tracing, stratigraphic analysis, structural geologic interpre-

tation, and lineament analysis. Results are summarized

in Figure 11-77 and Plates 11-3 and 11-4. The utility of

NS-001 data for geologic mapping is illustrated by compar-

ing these interpretations to Figures 11-4, 11-5, and

11-6. Significant results of this photogeologic analysis are

discussed in the following paragraphs.

2. Stratigraphic analysis. Preliminary interpretation

indicated the presence of a distinct spectral unit trending

NNE-SSW through the central portion of the test site area

(B in Figure 11-75). Images in which this unit was recog-
nized and its characteristics include:

(I) PC image (Figure 11-75): PC 1, red; PC 2, green:

PC 3, blue. Higher values in all bands than adjacent
units: highest in PC 1.

(2) CRC image (Figure 11-76): 3/2, red: 6,,'1, green:

6/7, blue. Higher values in all bands than adjacent

units: highest in 3/2 and 6/7.

(3) Single-band calibrated images (Figures 11-65 through

11-71). Higher values in all bands than adjacent units.
but less in bands 2, 5, and 7.

On the basis of these characteristics, the unit could be

traced through the entire image area. Because of its prox-

imity to the mapped Fort Union/Wasatch contact (Figure
11-4), it was designated the Transition Member (Figure

11-77). The question was posed: Does this unit represent

the surface expression of an unmapped, bedrock, litho-

stratigraphic unit? To answer this question, a detailed
evaluation of the unit was conducted in the area of

its best development (type area) in the central portion of

the Patrick Draw test site (Figure 11-78).

The area was mapped in the field (Figure 11-4) in as

much detail as possible given the paucity of bedrock expo-

sures. To the west of the stratigraphically lower boundary

of the image-defined unit, the east-dipping contact of the

early Tertiary Fort Union and Wasatch Formations was

traced. The image-derived unit appears to be a transitional

facies in the lower part of the mapped Wasatch Formation.

An analysis of the soil map (Plate 1 I-2) and descriptive

soil intbrmation (Tables 11-6 and 11-7) reveals significant

correlation between soil and vegetation boundaries and

transitional spectral unit boundaries (Figure 11-78). Soils

outside the spectral unit are dominated by sage-bearing silty

and sandy loams; soils within the spectral unit by grass-

bearing gypsiferous clay loams.

A 2.5-m-deep gas pipeline trench excavated across the

area was noted during the fieldwork in July 1980. This trench

provided an opportunity to log the detailed bedrock stra-

tigraphy of the Fort Union/Wasatch contact (Figure 11-7).

The transition unit includes less resistant and generally finer-

grained material than the Wasatch or Fort Union Forma-

tions. It is the only bedrock unit containing gypsum in

megascopic form. It includes the thickest and highest stra-

tigraphic occurrence of coal and the highest stratigraphic
occurrence of carbonate concretionary beds. The spectral

transition unit thus represents the surface expression of a

separable bedrock unit as used in standard field strati-

graphic practice.

To determine the cause of the NS-001 image character-

istics of the transition unit, a field sampling and analysis

program was conducted in the summer of 1980. At 35 loca-
tions shown in Figure 11-78, field spectral measurements

were made. A total of 140 spectra were collected, repre-

senting all major cover types and mixtures. At each of the
35 locations, a representative soil sample was taken for

XRD mineralogical analysis and laboratory spectral analy-
sis (with a Beckman DK2A). These data, discussed in

Paragraph VIII.C, were used to establish which minerals

and cover types occurring in the Patrick Draw area have

spectral absorption features capable of affecting NS-001

band values. The high albedo [br the transition unit in the
seven NS-00I bands results from the absence of significant

sage cover (Figures 11-50 and 11-78). This also contributes
to the high 6/1 and 3/2 ratios associated with the unit. The
low albedo contrast in bands 2, 5, and 7 is the result of

absorption features in these bands associated with kaolin-

ite, montmorillonite, jarosite, and gypsum (Figures 11-7 and

11-52). These minerals also contribute to high 6//7
values associated with the unit.

These results demonstrate the value of multispectral data

for detailed stratigraphic analysis. Since multispectral data

are sensitive to subtle vegetation and mineralogical changes
not otherwise discernible, multispectral images are useful

for mapping established units and defining new lithostrati-
graphic units, With the aid of ancillary field and labora-

tory spectral data and mineralogical analysis of residual

soils, image spectral units can be directly related to bed-

rock lithology.
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Figure 11-77. Composite NS-001, Mission 390, line 4 photogeologic

interpretation of Figures 11-75 and 11.76. The interpretation is plot-

ted on the PC image base shown in Figure 11-75.

F--1

FORT UNION/WASATCH
CONTACT (AFTER ROEHLER, 1977)

BOUNDARIES OF SPECTRAL
TRANSITION UNIT (THIS STUDY)

INTERSTATE 80

PIPELINE TRENCH SAMPLED

SURFACE SAMPLE LOCATION

CLAY (TEXTURE) SOILS

GYPSIFEROUS SOILS

SAGE-DOMINATED_ SHRUB
GRASSLAND COMMUNITY

Figure 11-78. Location map comparing the spatial relationship ot the

transition spectral unit to the published mapped contact of the Fort

Union/Wasatch Formations and to major soil/vegetation units. This

figure is approximately centered at location B shown in Figure 11-75.

Also shown are field and laboratory spectral and mineralogical sam-

ple locations. Bedrock exposures of the stratigraphic interval included

in this area were studied in the gas pipeline trench interval shown.

3. Struclure. As part of the photogeologic interprezalion
of NS-O01 data, key beds were traced (Plate 11-4).Fhese

traces were used with 1:48,000 topographic contour maps

to determine the dip and strike of bedding units (l+igure

11-77 and Plate 11-3). This information provided greater
structural inlbrmation for the test site area than is avail-

able using field methods (Figures 11-4 and 11-5) or inter-

prelation of standard color aerial photographs (ligure
11-6t. Six subtle folds, not recognized on available maps,

are clearly delineated, The northernmost anticline (Figure

11-77) coincides approximately with the trace of the Wam-

sutter Arch (Figure I1-10). The NE-trending anticline-

syncline couplet coincides in trend and in location with the
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projection of the Pennsylvanian Brady Deep North field

structure, which has been mapped in the subsurface (Wyo-

ming Geologic Association, 1979) approximately 8 km (5 mi)
south of the structure shown in Figure ! 1-77. Field exami-

nation of this feature confirmed the image interpretation.

The SE-trending anticline on the eastern edge of Figure
11-77 reflects the subsurface structure of the Table Rock

field (Figure I 1-10). The two ESE-trending synclines shown

on the western edge of Figure 11-77 are less well defined

and may be alternately interpreted as minor faults.

These results demonstrate the utility of geometrically

registered NS-001 data for structural mapping. Structures

too subtle to be recognized using surface mapping meth-

ods alone and not recognized in the subsurface map of the
Patrick Draw field because of the coarse (1000-ft) contour

interval are clearly delineated,

D. Lineament Analysis

1. Introduction. The advent of satellite image data

resulted in the recognition that large numbers of linear

features (lineaments) could be recognized on images

regardless of scale or sensor type. Unfortunately, the linear

features recognized tend to change with season, vegetation,

lighting azimuth, sensor wavelength, scale, and resolution.

Multiple observers viewing the same images often fail to

recognize the same feature. Consequently, the utility of
lineament analysis is the subject of considerable debate,

even though lineaments are generally regarded as some

manifestation of topographic and vegetative enhancement

of linear fracture traces. A lineament study was performed

for the Patrick Draw test site to identi_, linear features that

could be attributed to variations in surface topography alone.

2. Topographic lineament analysis. Because the poor

quality' of digital terrain data for the test site area pre-

cluded detailed analysis, a study of the terrain information

contained in the raised relief map of the Rock Springs,

Wyoming, I ° by 2 °, 1:250,000 quadrangle was undertaken.
The effect of lighting on this relief map was studied. As

with the analysis of digital terrain data, the method also

eliminates vegetative and seasonal effects. Use of the reverse

or underside of the raised relief map eliminates printing,

contour, and cultural clutter, and it permits the analyst to

study the relief of a surface of constant albedo. The photo-

graphic image of the underside of the raised relief map is

corrected by inverting the negative before printing. Linea-

ment directions are highlighted by shadow effects associ-

ated with differing lighting angles. These directional biases

are suppressed by combining observations performed on

images that have been illuminated from different direc-

tions. The identification of lineaments is in part subiective.

The reproducibility of lineament trends may be evaluated

by examining the patterns resulting from the same image

being interpreted with differing azimuths of illumination.
Lines oriented 30 °_+ 15° in azimuth on either side of the

lighting azimuth are enhanced: lines parallel ( +_ 15°) to the

lighting azimuth are suppressed.

The area represented by the Rock Springs, Wyoming,

I ° by 2° quadrangle (Figure 11-79) includes three physio-

graphic regions: the broad dome of the Rock Springs Uplift

which trends north-south through the center of the quad-

rangle; the Green River Basin with the Green River and

Flaming Gorge as major elements of topography in the
western third: and the Washakie Basin in the south and

the Red Desert Basin in the north of the eastern third.

a. Method. Topographic lineaments were drawn on

images of the Rock Springs Quadrangle for six different

lighting azimuths (30 °, 60 °. 90 °, 300 °, 330 °, and 360 ° ) with

an illumination of 8.5 ° from the horizontal l\_r all images.

Approximately 300 lines were drawn for each of the six

images. The lines were digitized and processed using a

computer program developed by Donald Wise of the Uni-

versity of Massachusetts and Francesco Salvini of the Uni-

versity of Rome. The program fits Gaussian curves to peaks

on azimuth-frequency histograms. Resulting curves smooth
the data and are used to quantit:v height, width, and loca-

tion of the various azimuthal peaks. These plots are then

normalized to the same height t\)r the largest peak and

plotted in both histogram and rose diagram format. The

analysis is done for cumulative number of lines and for

cumulative lengths. The rose diagram is plotted with data

for cumulative numbers of lines on the upper half and

cumulative lengths of lines on the lower half.

h. Results. Figure 11-80 illustrates the azimuth-

frequency histograms for all six lighting directions added

together and shows a cumulative plot for the 1860

lineaments detected, many of which are multiple recogni-

tions of the same feature on different images. Each of the

single lighting azimuth plots indicates a suppression of

lineament trends parallel to the lighting direction. How-

ever, many of the peaks are easily correlated from plot to

plot. The cumulative plot enhances thcsc rccurring direc-

tions and suppresses by dilution an,',' trcnds appearing on
only' one or two of the diagrams.

The degree of reproducibility, of lin.eament trends among
the various plots is best judged in Figure 11-81. Peaks from

the Gaussian fits of Figure 11-80 were characterized as

strong, moderate, or weak and were plotted at their appro-

priate azimuth on Figure 11-81. The suppression of linea-

ments parallel to the lighting azimuth and the enhancement
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Figure 11-79. Side-illuminated image of the Rock Springs, Wyoming, 1 ° by 2 ° raised relief map
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of lineaments up to 45 ° on either side of that direction are

indicated by the zone marked "least reliable data." Com-

parison of the peaks identified on the individual plots with

those on the cumulative plot indicates that similar linea-
ment trends were detected on most of the images. The

strongest trends appear in spite of the effect of unfavorable

lighting azimuths.

Nine lineament trends, indicated by letters A through I

in Figures 11-80 and 11-81, appear to be reproducible from

topography alone and appear to be detectable with reason-

able independence of the lighting azimuth. These direc-
tions are assumed to correlate with real elements of the

structural grain. The strongest trends (069 °, 333 °. 318 °, and

085 ° ) appear as well-defined azimuthal trends. Other trends,

particularly north-south and 2800-300 ° trends, may be

composed of two overlapping and/or less well-defined
lineament sets.

Figure 11-82 illustrates the extent to which the cumula

tive results of the analysis are local versus regional. Th

individual rose diagrams represent cumulative plots for a

lighting directions for azimuths within a 35-km radius c

the center of each plot location. The plot on the northea.,
includes the Patrick Draw test site. The fact that most c

the major peaks can be identified across the image suggesl

that they are regional rather than local features. Density

observable lineaments varies markedly across the imag

and probably reflects variations in surface rock type. TI_

highest lineament density appears in the Rock Springs Upli

area, whereas the lowest density is in the Red Desert are
which includes the Patrick Draw test site. Areas of 1o

lineament density correspond to areas of low topograpl_
relief.

Examination of the areal distribution of the peaks

Figure 11-82 reveals some of the reasons for difficulties
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representing some of the peaks of Figure 1 I-81 by simple

vertical stacking of data. Peaks such as F and G are only

locally developed. E and AB range through approximately

10 ° azimuth, and AB does not appear in the northwest
corner.

The regions in which lineament trends are developed may
be correlated with other structural features and orienta-

tions and may provide clues to both the orientation and

timing of associated stress fields. The following observa-

tions and possible interpretations are derived from Figure

11-82 in the context of regional structure as discussed in

Paragraph III.C:

Set D (333°). A regional trend producing a sharp peak

on the smoothed histograms. This set may be an exten-

sion fracture system striking normal to the present mini-

mum compressive stress direction of 060 ° azimuth. This

orientation agrees well with Zoback and Zoback's (1980)
report of minimum regional compression in this area.

Set E (north-south). Most prominent in Rock Springs

Uplift area and the area to the east, but weakly devel-

oped to the west. Its localization in and parallelism with

the axis of the Rock Springs Uplift suggest an origin by

extensional fracturing associated with the development
of that structure and the basins to the east.

Set H (070°). Most prominent of the regional trends,

although not as consistent a trend as set D. It is parallel

to the trend of mapped faults in the area. The orienta-

tion of this regional peak suggests an extensional origin

of late Laramide age. Just as D may reflect the outcrop

traces of the present regional sigma I/sigma 2 plane, this
prominent set may represent extensional features devel-

oped parallel to regional traces of the sigma l/sigma 2
field of Laramide deformation.

Set I (085°). Marked by relatively subtle topographic

expression. It is best developed in the west and south,
and is parallel to the Uinta Uplift. It is interpreted as a

family of distal effects representing extensional fractur-

ing parallel to the axial trend of the Uinta Uplift.

Set AB (280°-3000). A prominent but less consistent trend

than those described above. It is not recognized in the

northwest portion of the quadrangle, Eastward it appears
to bifurcate into two azimuth directions (285 ° in the

northeast and 295 ° in the southeast). This pattern sug-

gests minor regional curvature of a major stress trajec-
tory. One possibility, deserving further examination, is

that this set represents the effects of the stresses of the

Overthrust Belt just to the WNW pushing ESE into a
foreland region. As in the interpretation of D and H

above, these lines would represent the regional traces of

the sigma l/sigma 2 plane of that tectonic episode.

Set C (315°-320°). Seems better defined at the east end

of the quadrangle, but is reasonably prominent in the

entire test site area. No interpretation has been made for

origin or age.

Set F (030°). Appears at least weakly developed

throughout much of the area, but is most strongly devel-

oped in the northeast, north-central, and southwest parts

of the quadrangle. No interpretation has been made as

to origin or age.

Set G (040°-045°). Poorly defined but most apparent in

the northern and eastern portion of the quadrangle. No

interpretation has been made as to origin or age.

c. Topographic lineaments near the Patrick Draw Test site.

Figure 11-83 illustrates the trends of topographic linea-

ment traces in the vicinity of the Patrick Draw test site.

Different authors, or even the same author on different days,

E

/

[ R99W i' _98W I

PRODUCTIVE LIMITS OF PATRICK

DRAW OIL FIELD

Figure 11-83. Topographic lineaments In the vicinity of the Patrick

Draw lest site as observed by combining interpretations from six

different lighting azimuths. A single lineament has the potential of

appearing six times in this illustration. Several of these multiple

recognitions are evident. Examples of individual lineaments associ-

ated with each of the major regional sets are labeled A-I, corre-

sponding to the designations of Figure 11-81.
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will draw a lineament trace at different locations on the

same image. One time the line will be drawn on one side

of a valley, another time on the other side or in the valley

center. What remains relatively constant and reproducible

is the azimuth of the line drawn, rather than its precise

location. Thus, the present analysis emphasizes lineament
trends rather than the absolute locations of lineaments.

Figure 11-83 includes all lineaments drawn on six differ-

ent lightings of the test site. Thus, a single lineament con-

ceivably could be represented by up to six nearly coincident
lines. The near coincidence of some of the lines may reflect

the same lineament being identified on several images at

about the same location or may demonstrate the existence

of closely spaced, parallel lineaments. All eight of the major

topographic lineament sets described above are present in
the Patrick Draw test site area.

d Discussion and conclusions. Based on topography alone,

eight lineament trends can be identified in the Rock Springs

region. The objectivity of their detection may be evaluated

by examining their reproducibility on variously lighted

topographic images of the same area. Differing sets have

differing degrees of parallelism, intensity of development

and relationship in map distribution, and orientation to the

large-scale tectonic elements of the area. Based on these

clues, the eight topographic lineament trends are inter-
preted to be subtle extensional features, mostly zones of

more intense jointing related to regional stress trajectories.
They are interpreted as the outcrop of the sigma l/sigma 2

plane for two tectonic environments: (1) broad warping as

in the Rock Springs and Uinta Uplifts and (2) traces of

past or present maximum compressive stress trajectories

during regional compressive events. For the Patrick Draw

test site, four of the trends seem best developed. Because

these trends are due to topography alone, some of them

will certainly appear in the analyses of remote sensing data.

3. NS-001 lineament analysis. In the geologic interpreta-

tion of NS-001 data shown in Figure 11-77, 176 lineaments
are identified. An examination of Figure 11-77 and the his-

togram of lineament azimuth measurements obtained from

this interpretation (Figure 11-84) reveals two dominant

lineament trends. A generally E-W trend, perpendicular

to the solar azimuthal plane, is represented by lineaments

throughout the image area; a generally N-S trend, parallel

to the solar azimuthal plane, is best represented by linea-

ments in the southern one-third of the image.

A statistical analysis of azimuth measurements for 176

lineaments shown on Figure 11-77 (Table 11-20) supports

the existence of these two dominant populations and reveals

the existence of four other populations within the two. Three

subpopulations are within the E-W-trending set A: A', A",

and A'". A and A' are statistically inseparable since both

have the same mean value. A" and A'" are significantly
different from A, and A' is significantly different from A"

and A'". Based on these relationships, set A is considered

an artifact of combining the statistically "real" lineament

sets A', A", and A'". The N-S-trending lineament set B

contains a subdominant population B'. B and B' are con-

sidered to be two statistically "real" populations.

In Table 11-21, the five "real" lineament trends are ranked

according to the number of lineaments included in each.

The effect of illumination-aspect enhancement of linea-
ment trends that are transverse to the solar azimuth is

apparent in the dominance of set A', which contains over

55 percent of the lineaments identified.

A comparison of the azimuthal means and ranges for

the lineament trends recognized in the NS-001 data to those

trends recognized in topographic data reveals that the five

NS-001 trends coincide with five of the topographic trends.

Three of these trends also correspond to the orientation of

major structural elements (Figure 11-3) in the Patrick Draw

vicinity.

Set A' (N 87 ° E). Corresponds to topographic set I (N
85 ° E); has approximately the same orientation as the

Wamsutter Arch and numerous normal faults mapped
by Roehler (1977a), which are transverse to the axis of

the Rock Springs Uplift. This is suggestive of exten-
sional cross-fracturing genetically related to the Rock

Springs Uplift.

Set B (N 1° E). Corresponds to topographic set E

(N 0 ° E); has approximately the same orientation as the

axis of the Rock Springs Uplift. This is suggestive of

parallel axial fracturing genetically related to the Rock

Springs Uplift.

Set A" (N 67 ° W). Corresponds to topographic set AB

(N 60 ° W to N 80 ° W). The relationship to structural

elements in the region is rather obscure but, based on

similar trends, may be related to the Overthrust Belt to

the west or the Wind River Uplift to the north.

Set B' (N 24 ° E). Corresponds to topographic set F (N
30 ° E). The relationship to known structural elements in

the region is obscure.

Set A'" (N 51 ° W). Corresponds approximately to topo-

graphic set C (N 45 ° W to N 40 ° W). The relationship to
known structural elements in the region is obscure.

Additional insight into the meaning of at least one of

these lineament trends was afforded by observations in a
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Figure 11-84. NS-001 lineament azimuth histogram for 176 lineaments recognized In the composite geologic Interpretation shown In Figure 11-77

Table 11-20. Summary of trends of six lineament sets recognized in a statistical analysis of

176 azimuthal measurements for lineaments shown In Figure 11-77

X F-Test

Set Number (azimuth), _' Range, ra o Significance

degrees degrees degrees Level

A 110 86.4 10.7 90 0.71 (A-B) >99.5

A' 101 87.2 3.5 39 0.43 (A'-A") >99.5

A" 22 292.5 5.4 20 0.24 (A-A") 99.5

A'" 6 308.8 5.0 29 0.33 (A"-A' ") >995

B 32 1.0 22.3 90 0.71 (A-B) >99.5

B' 12 23.5 12,8 46 0.25 (B'-B) 99.5

"Modified T-test:

X,-X,
T d --

rt, j q- _,'_

Table 11-21. Summary of five lineament sets recognized In the analysis of 176 lineaments shown

In Figure 11-77. Sets are ranked according to number of lineaments Included, and Illumination

aspect effects are Indicated. Equivalent topographic lineament sets are also shown.

Trend Illumination Aspect Equivalent
Rank Set (azimuth),

degrees Enhanced Suppressed Topographic Set

1 A' 87 + I

2 B I + E

3 A" 293 + AB

4 B' 24 F

5 A'" 309 + C
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gas pipeline trench that was excavated across the lest site

area. A jointed claystone in the Wasatch Formation was

exposed in the trench at a location coincident with the

location of one of the lineaments included in set A' (Figure

I 1-85), The jointed interval was approximately 10 m wide

and was characterized by closely spaced, vertical planar

joints striking N 85 ° E, Sandy laminae in the claystone were

not offset by the joints. This 10-m interval was the only

exposure of jointed bedrock observed in the trench', it was

also the only location at which the trench crossed a linea-

ment recognized in NS-001 images. These obse_'ations lend

credence to the interpretation that lineaments seen in the

NS-001 images represent restricted localities of fractured
bedrock.

E. Vegetation Mapping

1. Introduction. The vegetation study discussed in Para-

graph V included an evaluation of percent vegetation cover
at 19 sites in the test site area (Table I 1-5). Fifteen o/'these

sites are within the image area of NS-001, Mission 390.
line 4, October 19. 1978 (Plate 11-1). To evaluate the utility

of these image data for vegetation analysis, the seven VNIR
raw band data were used as variables in a supervised per-

cent vegetation cover classification. The 15 vegetation study

sites and eight other sites (five unvegetated areas-a playa.

drilling pad, paved road, and two dirt roads and three

dense vegetation areas drainages with more than 50 per-
cent sage cover) were used as training areas for VICAR

programs STATS and FASTCLAS to produce a super-
vised classification image (Figure 11-86). These VICAR

programs are described in the Technical Appendix, Sec-
tion 14.

2. Discussion. Both field evaluation and comparison to

color infrared (CIR) aerial photography demonstrate that

Figure 11-86 is an accurate portrayal of variations in vege-

tation density in the image area. The area of anomalous

stunted sage appears red ( 1 to 10 percent vegetation cover)

in a region characterized by yellow (21 to 30 percent vege-

tation cover). Thus, this image provides evidence that the
area of anomalous stunted sage is characterized by a

decrease in vegetation cover of at least 10 percent. The "type

area" for the Fort Union/Wasatch transition unit t Figure

I 1-75) is shown in Figure 11-86 to be characterized by more

unvegetated areas (black) than adjacent Fort Union strata

to the west or Wasatch strata to the east. The supervised

classification image is considered a valid portrayal of vari-

ations in percent vegetation cover, which has direct appli-

cation to botanical study and to geologic mapping.

Additionally. this image provides critical intbrmation for

separating the vegetation and soil/rock components for

spectral analysis studies. Data from Figure 11-86 can be

used in a simple unmixing calculation that extracts image

soil/rock spectra from mixed pixels, provided calibrated

image data (such as Figures 11-65 through 11-71) are

available. For any pixel, the percent vegetation cover is

determined from Figure I 1-86. The average reflectance for

vegetation in a particular band may be estimated from PFRS

or equivalent spectral data. The total reflectance for the

Figure 11-85. Photograph (looking NNE) of jointed Wasatch clay-
stone exposed in a gas pipeline trench. The jointed interval coin-
cides in location with the trench intersection of lineament X-X
identified in Figure 11-75; the strike of the joint planes shown
(N 85° E) coincideswiththe trendof the X-X lineament,
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pixel in a particular band can be extracted from the cali-

brated image data. Thus, using the simple Siegal and Goetz

(1977) mixing model:

(rp)lO0 - (v)(rv)
FS -_-

lO0 - v

where rs = soil/rock reflectance (%) in a particular band

for the pixel

rp = total reflectance (%) in a particular band for
the pixel determined from calibrated image
data

v = vegetation cover (%) for the pixel deter-
mined from the supervised percent vegeta-

tion cover image

rv = vegetation reflectance (9;) in the band from

appropriate field/laboratory spectra

3. Conclusions. NS-001 VNIR band data can be used as

variables with limited ground-control training areas to

produce supervised classification images that portray areal

variations in percent vegetation cover. Such supervised

classification images provide information directly applica-

ble to geobotany and also may be used with calibrated image

data to quantitatively solve the problem of unmixing the

vegetation and soil/rock spectral components in multi-

spectral image data.

e_

O
¢J

Z
O
I'-

t--

ldd
>

y.

t'¢"

I

Figure 11-86. Image showing variations in percent vegetation cover in

the test site area. The seven VNIR band data from Mission 390, line 4,

and 23 training areas were used in VICAR programs STATS and FAST-

CLAS to produce this supervised classification map. A shows the

approximate center of the area of stunted sage.

X. Radar

A. Introduction

Se_sat Synthetic Aperture Radar (SAR) data were acquired

at the Patrick Draw test site area during two overpasses:

Rev. 738 on August 17, 1978 and Rev. 789 on August 21.

1978. When digital tapes from both passes were first pro-
cessed, it was discovered that the Patrick Draw test site was

in the far range of the Rev. 738 data where the signal-to-

noise ratio and data range are both low: therefore, the SAR

data of Rev. 789 were selected for further computer pro-

cessing by both JPL"s and Gulf's remote sensing centers.

B. Seasat SAR Data Characteristics and Processing

The SAR data for Rev. 789 cover the entire Rock Springs

Uplift area. Figure 11-87 shows that the test site is located

at the north or near range of the image. Although approxi-

mately one-third of the test site is not contained within the

image, most of the Patrick Draw field is.

Gulf processed the portion of the SAR image that
included the test site. Table 11-22 summarizes the charac-

teristics of the data. Spatial processing of the data with a

3 by 3 median filter improved the image quality by

suppressing the extreme local noise or speckle that is so
common in most radar data. Test site team members

received copies of a black-and-white version of the filtered

SAR data, with a linear contrast stretch, for interpretation.

JPL processing of the SAR data focused on the use of

spatial information, both in terms of enhancement (split-

spectrum) and classification (texture analysisL Hue. satu-

ration, and intensity (HSI) split-spectrum processing capi-

talizes on the fact that tone variations in a radar image are

governed by variations in surface relief which occur over a
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wide range of spatial scales. Large-scale (low spatial fre-

quency) variations in image tone are related to variations

in surface roughness (vegetation and rock type), whereas
small-scale (high spatial frequency) variations in image tone

are dominated by slope effects, An additional component

is radar speckle, which is especially evident at the highest

spatial frequencies.

s,,41

SAMPLE NO,

I 6150

.......•..:.:.:.:.:::.:.:.:.:ZEROF,t.t.:i!!ii!iiii!iiii!ii?i_i

IMAGE DATA

(100 X 100 kin)

FAR RANGE

i!;!;ili!i!:;:;:::::':':'.'.'.'.:.:+:.........

SPACECRAFT HEADING
203.70

_ RADAR LOOK DIRECTION

Figure 11-87. The location of the Patrick Draw test site with respect to

Seasat SAR Rev. 789 coverage

Table 11-22. Characteristics of Seasat SAR subscene (Rev. 789) as

processed by Gulf Science and Technology Company

Parameter Value

Wavelength, cm 23 (L band)

Spacecraft heading, deg 203.7

Look direction, deg 113.7

Look angle (from vertical), deg 20

Date August 21, 1978

N umber of lines 1280

Number of samples 2048

Data range (8 bit)

Minimum 2

Maximum 253

Image DN statistics

Mean 31.8

Variance 200

Median 30

Mode 26

Filter used 3 by 3 median

Contrast stretch used Linear

Pixel size used (approximate 17 by 17

registration at 1:48,000), m

To separate and encode these physical mechanisms, the

input scene was filtered into high-pass (HP) and low-pass
(LP) images; then the LP image was used to encode hue,

the HP image was used to modulate intensity, and the image

saturation was varied interactively. Figure 11-88 shows the

components that contribute to the color image. A variety

of black-and-white images was also made from HP-

filtered SAR data (Figure 11-88a).

C. SAR Interpretation

Interpretations for lineaments and tone/texture from the

SAR images described in the previous paragraphs were

compiled as an overlay on a i:48,000 print of Figure I 1-

88(a) (see Figure 11-89 for interpretation). Lineament
analyses were made by several geologists. To assure consis-

tency in analysis, seven tone/texture classes were estab-

lished. The tone characteristic refers to the average gray

level of the black-and-white image over an area approxi-

mately 2 by 2 km in size and is either dark, medium, or

bright. The texture characteristic is a measure of the gran-

ularity or homogeneity of the same area and is either rough,

medium, or smooth. Figure 11-90 provides a key to the

tone/texture classes, All areas that are rough in texture are
bright in tone. This relationship results in part from the

fact that dark (black) surfaces can only be smooth tex-

tured. The boundaries drawn between classes are approxi-
mate but do delineate areas of different radar return in

both the black-and-white and color (HSi) versions.

The SAR tone/texture map and image were compared

to interpretations from the remotely sensed data and to

ground observations. This comparison helps to further elu-

cidate the physical meaning of the SAR classes.

The SAR classes are best correlated with local topo-

graphic relieL slope, and slope aspect, Areas of bright tone

and rough texture on the SAR image (Class A) include the

prominent north-trending ridge of 45- to 60-m ( 150- to
200-ft) relief south of Bitter Creek, the west escarpment of

Table Rock Plateau, and the rugged hills along the western

edge of the study area, All portions within these areas that

slope to the southeast (or face the look-direction of the SAR

sensor) have the brightest radar return. The medium-toned

areas are mostly restricted to areas of moderate to gentle

slope, approximately 20 m/km (100 ft/mi) and less, that
face in all directions, whereas the darkest toned areas include

areas of moderate to steep slope, approximately 40 m/km
(200 ft/mi) and more, that face northwest. On a local scale,

negative or positive terrain features such as gullies or dunes

appear in the image data as areas of rough or medium tex-

ture. In short, a major part of the radar return may be
attributed to terrain relief.
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Figure 11-88. Components used in split-spectrum (HSl) processing of Seasat SAR data: (a) HP-flltered data; (b) LP-filtered data; (c) HSl image;

(d) major geographic features in image area
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A BRIGHT ROUGH

B BRIGHT MEDIUM

C BRIGHT SMOOTH

D MEDIUM MEDIUM

E MEDIUM SMOOTH

F DARK MEDIUM

G DARK SMOOTH

Figure 11-89. Composite lineament and tonal/textural interpretation

of Figure 11-88(a). Original interpretation was made at a scale of

1:48,000. Figure 11-90 shows the key used in textural classiticaUon.

All but one SAR class (bright tone, medium texture) are

present both on and off the field. In addition, the field
boundary is not coincident with any significant portion of

the SAR class boundaries. The vegetation anomaly, which

was first recognized in NS-001 images, is located within a

much larger SAR class of medium tone and smooth tex-

ture. There is no feature in the radar image data that is

coincident with the vegetation anomaly boundary.

A comparison was made between the BLM soil map and

the SAR image. No significant pattern or correlation emerges

from this comparison. There is no physical attribute of the

soil units, which includes chemical, texture (grain size),

provenance, depth, color, and potential plant species, that
uniquely identifies one of the seven SAR tone/texture

classes. The strongest correlation was that all soils with an

eolian source were located in areas on the SAR image with

the roughest texture in each tone class.

Problems in SAR image interpretation encountered in

this study stem from two factors:

(1) Radar generates extremely strong returns from gul-
lies and other relatively small topographic features.

These specular scattering variations are restricted to

high spatial frequencies since slopes of the requisite

steepness (20 ° ) are rare for large topographic fea-

tures in the Patrick Draw area. The bright returns

swamp the subtle low-frequency scattering varia-

tions that are associated with changes in vegetation

density.

(2) The image scale used (!:48,000) is too large for

detection of subtle low-frequency tone variations at

normal viewing distance (approximately 1 m). The

spatial frequency response of the human visual sys-

tem decreases significantly at low frequencies. The

optimum viewing distance for kilometer-scale tone
variations at l:48,000 scale is over tO m.

The split-spectrum process yields a color image largely

free of these problems. The filtering operation separates

topographic from vegetation (surface scattering) effects.

Since hue is perceived best at low spatial frequencies, the

hue and intensity encoding optimizes the scene in relation

to the spatial frequency response of the human visual sys-

tem. The color image in Figure 11-91 clearly shows the

surface expression of the Wamsutter Arch, while retaining

high-frequency visual cues associated with minor drainages.

D. Summary

Comparison of SAR data with other remote sensing data
revealed little correlation between radar return (backscat-

tering) and variations in solar reflectance. Microwave images
obtained in the area appeared to be dominated by varia-

tions in surface topography. It is possible that the removal

of the topographic component, perhaps through registra-

tion with digital terrain data, may enhance a signal now

masked by topography and so provide a better correlation

with other data sets. This topographic masking can be

stripped out very effectively by splitting the scene spec-

trum into high- and low-frequency components. These

components may then be encoded as intensity and hue,

respectively, yielding a color image that shows regional
structural features such as the Wamsutter Arch.

Xl. Fraunhofer Line Discriminator--

Luminescence Survey

A. Introduction

The U.S. Geological Survey acquired aircraft lumines-
cence data of selected areas in the Patrick Draw test site on
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Figure 11-90. Key to tone/texture classes for Seasat SAR image (Rev. 789) at the Patrick Draw test site: (a) bright tone, rough texture; (b) bright

tone, medium texture; (c) bright tone, smooth texture; (d) medium tone, medium texture; (e) medium tone, smoolh texture; (f) dark tone, medium

texture; (g) dark tone, smooth texture. Image samples are at a scale of 1:48,000.

August 4, 1980, with the Fraunhofer Line Discriminator

(FLD) (refer to the Technical Appendix, Section 14, for a

discussion of this sensor). The objective in acquiring FLD
data was to determine if luminescence anomalies could be

detected in areas within the test site and to correlate these

anomalies with other measurements as described else-

where in this report.

Six traverses with the airborne FLD were made over the

Patrick Draw field: three at an operating wavelength of
656.3 rim, two at 486. I rim, and one at 589.0 nm. The loca-

tion of five of these traverses is shown in Plate 1 I- I. Tra-

verse six is oriented in an E-W direction, approximately
1.5 km (I mi) to the north of the area shown in Plate 1 I-1.

Overlays of luminescence values in discrete intervals from
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1.5 to 2.5 (green), 2.5 to 3.5 (orange), and 3.5 to 4.5 (red)

ppb rhodamine WT equivalence are shown in Figures
11-92, 11-93, and 11-94 for the five traverses.

Each of the three Fraunhofer wavelengths produces a

different luminescence in response to the geochemistry/

mineralogy of the materials image by the FLD. Of the three

wavelengths, 656.3 nm, located on the shoulder of the

chlorophyU-a band, could be expected to reveal stressed

vegetation within the image area. The 656.3-nm wave-

length might also be used to correlate luminescence with

calcite cements, as was demonstrated in laboratory and field

measurements on samples of calcite-cemented sandstones
collected in the Cement, Oklahoma, oil field (Donovan

et al., 1975).

In the following discussion, luminescence at each Fraun-

hofer wavelength is compared to the geochemistry of

materials measured in the field and discussed in Paragraph

VII.E. The combined luminescence/geochemistry data set

is limited due to the lack of geochemical sampling sites in
all of the FLD image areas. Even with this restriction, it

was possible to correlate elemental geochemistry and lumi-

nescence at each Fraunhofer wavelength.

B. Oata Analysis

To correlate luminescence with geochemistry, the mean

of all geochemical surface samples for each element was

determined, and each sample was ranked against the mean
and standard deviation of the entire sample population.

Values less than the mean were given rank 1; between the
mean and one standard deviation above the mean, rank 2;

between one and two standard deviations above the mean,

rank 3; and greater than two standard deviations above

the mean, rank 4. Since only a limited number of geo-

chemical sample sites were available for correlating ele-

ment concentration with luminescence, it was not possible

to perform a multiple regression analysis to simultaneously

correlate all elements against luminescence. Therefore, a

simple linear regression analysis was performed for each

element, and the 12 elements showing the strongest corre-

lation were selected for multiple regression analysis.

2,. Results

Table 1 !-23 is a summary of those sample sites that show

uminescence above background and those elements of rank

or 4 which are classified as geochemically anomalous.

Table 11-24 lists elements versus the wavelength that

roduced a positive correlation with luminescence. The

ercent of total luminescence (value in parentheses) is a

Figure 11-92. NS-001 band 3 Image with a luminescence overlay,

Patrick Draw test site. Luminescence values at 486.1 nm (ppb rho-

damlne WT equivalence) are 1.5 to 2.5 (green), 2.5 to 3.5 (orange),

and 3.5 to 4.5 (red).
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Figure 11-93. NS-001 band 3 Image with a luminescence oveday,
Patrick Draw test site. Luminescence values at 589.0 nm (ppb rho-
damlne WT equivalence) are 1.5 to 2.5 (green), 2.5 to 3.5 (orange),
and 3.5 to 4.5 (red).

Figure 11-94. NS-001 band 3 image with a luminescence ore1
Patrick Oraw test site. Luminescence values at 656.3 nm (ppb I
damine WT equivalence) are 1.5 to 2.5 (green), 2.5 to 3.5 (oran,

and 3.5 to 4.5 (red).
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Table 11-23. Summary of the sample sites that show luminescence above background and those elements of rank 3 or greater classified as

anomalous. Any additional descriptive features known on the site are also included.

Site" De_ription Soil Unit h

Luminescence. nm c

486.1 589,0 656.3

LI-9 Mn=3 438 2.5 NM NM

1-11 Mn, P=4; Al=3; high Fe, low (': Wa.satch 438 2.5 NM

1-12 Mn=4 438 2.5 1.75 NM

I - 13 Mn, Mg, Pb, Cu - 3; siderite, CaCO._, Wasatch 438 2.5

1-15 Mn, Cu=4: Pb, Mg, V=3 438-439 2.5 3.5 2.5

2-4 K = 3; CaCO 3, kaolinite, midtransition 333 1.75 1.75 NM
2-6 Mn=4; B, V=3 332 2.5

3-1 Mn, P=3 449 1.75 2.5 NM

3-2 Cu=4; AI, Sr, Ti, V= 3 335 2.5 1.75

3-3 Cu, AI, Ti, V=4 335 1.75 1.75 2.5

3-5 Cr, Fe, Ni, Soilgas=4, Co, Mn, Mo. Zn, P,B,V-3 335 NM NM 3.5

3-6 Soil gas=4; Mn, Ni, P=3 449 3.5

4-4 Soil gas= 3, CaSO_; kaolinite, midtransition 447 1,75 1,75

5-4 Soil gas=3; Cu, Be, Zn=3 450 NM 2.5 NM
6-1 Mn=3 450 NM 1.75 NM

6-2 Co, Mn, Mo, P, B= 3; CaCO 3 coal bed at base of transition 450-335 NM 3.5 NM
6-3 Be=4 333 NM 2.5 NM

6-5 Ti=3 333 NM 2.5 3.0

XL2-1 P, B =3; shale between CaCO 3 beds, coal layers 466 3.5 1.75 NM

2-4 D, V = 3: coal, midtransition 438 135 1.75 NM

4-4 Mn=3 332 NM NM 1.75

4-6 CR=4; Go, Fe, Pb, Mg, Mn, Ni, Ag, Be, Ba, Zn=3; CaCO3, 335 4.0
jarosite, gypsum, siderite

C u, Co = 3: CaCO 3, top o f transition4-7 449 NM 1.75

R 35 438 N M N M

41 Mn=3; coal and limestone 438 NM NM

47 Soil gas, Mn=4, Si=3 332 NM NM

72 Soil gas, Mn, Sr, Ba, P. B = 3 416 2.5 NM

93 Mn, Cu, Ni, P=3; CaCO 3 bed, top of transition 466 4.0 NM

1.75

1.75

2.50

NM

NM

"Refer to Plate I I-I for l(x:ation.

_'Refer to Tables I 1-6 and I I-7 for description.

CNM indicates no measurement.

11-24. Summary of elements that correlate with luminescence as a

function of Fraunhofer wavelength

Wavelength, nm Element (%)"

486.1 Beryllium (44)

Phosphorus (20)

Boron (17)

Nickel (I 1)

589.0 Barium (45)

Molybdenum (13)

Carbon (13)

656.3 Phosphorus (30)

Boron (19)

Vanadium (16)

Lead (12)

Nickel ( I 1)

7he value in parentheses is the percent of total variance of luminescence

!ata explained by the soil concentration of the element.

measure of the contribution of each element to the regres-

sion. Those elements showing less than I0 percent contri-
bution are not included.

Luminescence at the Patrick Draw test site is generally

low at all three wavelengths, with only occasional highs. Of

interest are the highs at 656.3 nm occurring in vegetation,

particularly in the area of stunted sage described in Para-

graph VII.B.

At the 486.1-nm wavelength (Figure 11-92), flight lines 1

and 2 show different luminescence profiles, but both reveal
a series of anomalies (2.5 to 3.5 ppb rhodamine WT equiv-

alence) just east and south of Bitter Creek Station. This is

an area in which marl beds are exposed. North to north-
east of Bitter Creek Station in TI9N R99W, sections 12

and 13, is a luminescence region of 2.5 to 4.5 ppb rhoda-

mine WT equivalence. This is a region of coal-bearing clay
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soils. Most of the luminescence highs are associated with

alkaline, loam clay soils with vegetation in an upland salt

desert community. Results of a multiple regression analy-

sis show beryllium (44 percent), phosphorus (20 percent),

boron (17 percent), and nickel (11 percent) as the elements

that correlate best with luminescence. The percentage of
the contribution of each element to total luminescence is

given in parentheses in Table 11-24.

At 589.0 nm (Figure 11-93), most of the luminescence

highs occur in the Fort Union/Wasatch transition unit
described in Paragraph IX.C.2. Sample sites AI2 and

LI-15 (Plate 11-1) both show luminescence of 3.5 to 4.5

ppb rhodamine WT equivalence. In addition, the area of

clay and gypsiferous soils just east of sample sites A 16 and
AI8 and sites L6-2 through L6-5 show luminescence highs

from 2.5 to 4.5 ppb. An area in the Desert Springs oil field

just west of sample sites G7 and R4 also shows values from

2.5 to 4.5 ppb. Multiple regression analysis indicates bar-

ium (45 percent) is the strongest correlator with lumines-

cence at this wavelength.

At 656.3 nm (Figure !1-94), along the south to north

flight line, the marl beds east and south of Bitter Creek

Station are somewhat lower in luminescence (1.5 to 2.5 ppb)

than at 486.1 nm. Again, many of the highs north of Bitter
Creek Station occur in the Fort Union/Wasatch transition

unit, with the area from site A14 to BI6 showing lumines-

cence from 2.5 to 3.5 ppb. Sites L3-1, L3-2, and L3-3 show

luminescence from 1.5 to 2.5 ppb. Farther to the north in

the clay and gypsiferous soils, from site A 16 to L6-3, a band
of luminescence from 1.5 to 4.5 ppb exists mainly along

the western edge of the Fort Union/Wasatch transition unit.

Along the west to east flight line, a number of 2.5 to 4.5

ppb luminescence highs occur from site B20 to B25, mainly

in and along major drainages. This is the area of anoma-

lous stunted sage discussed in Paragraph VII.B. This area

appears to coincide with the maximum density and thick-
ness of resistant Fort Union carbonate-cemented sand-

stone beds. The area is bounded on the north, south, and

east by major drainages and on the west by exposures of a
resistant, carbonate-cemented sandstone lens. Results of

multiple regression analysis indicate phosphorus (30 per-

cent), boron (19 percent), vanadium (16 percent), lead (12

percent), and nickel (11 percent) as those elements most

strongly correlated with luminescence in this wavelength.

The area to the east of the area of anomalous stunted sage

shows 2.5 to 4.5 ppb luminescence highs occurring in TI9N,

R98W, section 18. This is an area of shrub grassland con-

taining bedrock outcrops. It is impossible to know what
actually contributes to luminescence highs in this area

without additional field and laboratory analysis. No labo-

ratory or field luminescence measurements were obtained

during the test site investigation. However, it is interesting

to note that trend surface analysis of soil elemental con-

centrations (described in Paragraph VII.E) shows that

manganese trend patterns are similar to the anomalous

pattern of luminescence at 656.3 nm in this area and else-

where in the Patrick Draw test site (Figure ! !-95).

D. Conclusions

Many of the luminescence highs occur in the Fort Union/

Wasatch transition unit. This could be due to exposures of

coal and gypsum in this zone. Marl beds appear to be slightly
higher in luminescence than carbonate-cemented sand-

stone beds throughout the Patrick Draw area, although both

are above background luminescence.

Correlation of luminescence with geochemical element,

at Patrick Draw is complicated by the paucity of sites wher,

both geochemical/mineralogical and luminescence dat_

were acquired. It was not possible to perform multipl,

regression analysis on all 24 geochemical elements simul

taneously. With the limited number of observations, a

abbreviated multiple regression analysis was attempted. Th

elements that showed the highest correlation with lum

nescence are phosphorus, boron, beryllium, barium, van_
dium, and nickel.

Manganese at site R47 is above the threshold value th

could be expected to activate luminescence in calcite a_

could be reponsible for some of the luminescence hig

along the W-E 656.3-nm flight line, Although mangane
does not appear as one of the elements that correlates w:

luminescence, the pattern of luminescence at 656.3 r

closely fits the pattern of soil manganese concentration fr_

trend surface analysis. The lack of correlation from t

multiple regression analyses may be due to the limi_
number of observations.

Some pronounced luminescence highs occur in the a

of anomalously stunted sage. This apparent correlation r

be physically caused by the luminescence properties of s

that are better exposed due to lower vegetation densit 3

the sage anomaly area. Field and laboratory studies

essential, however, to clearly establish if correlation bet_

stunted vegetation and luminescence e_sts at Patrick DI

XII. Summary and Conclusions

A. "Direct" Detection of Hydrocarbons

Solving the problem of "direct" detection of hydr_
bons by remotely sensing surface alteration associated

microseepage involves three questions:
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Figure 11-95. Luminescence plotted on a soil manganese concentration map. Luminescence values at 656.3 nm (ppb rhodamine
WT equivalence) are 1.5 to 2,5 (green), 2,5 to 3,5 (orange), and 3.5 to 4.5 (red).

11-91



(1) Does the reservoir leak?

(2) Do leaking hydrocarbons alter surface material?

(3) Can this alteration be detected by remote sensing?

A hydrocarbon soil gas survey of Patrick Draw revealed

anomalously high concentrations of hydrocarbons in soil

samples obtained on selected lineaments and in one sam-

ple obtained from the approximate center of the surface

location of the gas cap of the reservoir. A helium soil gas

survey indicated similar high concentrations of helium in

soil samples from the gas cap area. These results suggest

that the Patrick Draw reservoir may leak in the gas cap

area. This leakage may be concentrated along lineaments

that represent zones of bedrock fracturing connecting the
reservoir and the surface.

A soil elemental geochemical survey revealed high tita-

nium, vanadium, copper, and zinc concentrations in soil

samples from locations overlying the gas cap of the Patrick

Draw reservoir. Soil pH values in the gas cap area were

also high compared to adjacent areas. These high soil pH

and elemental concentrations may represent alterations of

soil geochemistry due to microseepage of hydrocarbons from

the gas cap region of the Patrick Draw reservoir.

A tonal anomaly recognized in the interpretation of NS-

001 Thematic Mapper Simulator images corresponds in

location with the approximate center of the underlying gas

cap of the Patrick Draw reservoir and with areas of high

soil hydrocarbon gas, high soil helium gas, high soil pH,

and high elemental concentrations noted above. Field
examination of this tonal anomaly revealed that it corre-

sponds to an area of anomalous stunted sage. Laboratory

anatomical evaluation of stunted sage specimens from this
area demonstrates that stunting has been chronic in the

area for at least 95 years (predates development of the

Patrick Draw oil field). The anatomical and morphological

characteristics of the stunted sage are symptomatic of a zinc

nutrient deficiency. This deficiency may be the result of

locally high soil pH which can effectively block zinc uptake.

The aerial correspondence of high soil hydrocarbon gas

concentrations, high helium soil gas concentrations, high

soil elemental concentrations, high soil pH, and stunting of

sage (first recognized as an NS-001 image tonal anomaly)

suggests that the Patrick Draw reservoir leaks. This leak-

age results in alteration of soils and associated vegetation,

and this alteration can be detected using NS-001 remote

sensing data. A satisfactory geochemical explanation that

integrates the observations, however, has not been pro-

posed. Further evaluation of this problem is required before

unequivocal conclusions regarding the "direct" detection

problem in the Patrick Draw area can be made. Although

suggestive correlations have been documented, the cause-

and-effect relationship of gas cap to soil gas to soil geo-
chemical alteration to stunted sage has not been proven.

B. Improved Geologic Mapping

With the aid of limited ground observations, geometri-

cally rectified NS-001 Thematic Mapper Simulator images

can be interpreted to produce 1:48,000 geologic maps of

the Patrick Draw area. Such maps are superior to those

presently available in both structural and stratigraphic detail.

This type of information should have wide application to

petroleum exploration.

1. Structure. Detection ofjointing, faulting, and folding

may be used to locate targets for the application of the

more expensive conventional exploration tools and the

development of models of basin evolution. The interpreta-

tion of Landsat MSS images of the test site area reveals the

presence of all-important structures recognized in pub-

lished 1:250,000 geologic maps of the eastern Rock Springs

Uplift and Washakie Basin. The interpretation of NS-001

Thematic Mapper Simulator images at a scale of 1:48,000

reveals broad E-W- and NW-trending folds, with too lit-
tle closure to be detectable in subsurface structure maps
available for the Patrick Draw field. The northernmost

anticline plunges to the east and lies on the Wamsutter Arch.

The southernmost north-trending syncline-anticline cou-

plet lies on trend with the axial traces of similar structures
shown in subsurface contours on the productive horizon at

the North Brady field. This structure was not recognized in

a commercial photogeological interpretation, but is clearly

evident in a reinterpretation of the stereo-photography and
field observations.

2. Lineaments. Lineament analysis by remote sensin_

methods is a tedious process but can yield reproducibl

results. Five major trends in lineament orientation (azi

muths 87, 1,293, 24, and 309) were consistently recognizeq

in the analysis of Landsat MSS, topographic, NS-001, an

radar images. Lineament data are demonstrated to be us_

ful for two purposes in exploration:

(1) Field evidence at Patrick Draw suggests that NI

trending lineaments recognized in NS-001 data co

respond in location with areas of joint-induced be,

rock fracturing. The soil hydrocarbon gas sampli:

program for the 1980 field season was designed

concentrate on lineament targets determined in

preliminary analysis of remote sensing data. T.r

approach made the sampling effort more econot

cal than would have been possible using availa!

published geologic data alone for sample site selecti
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(2)An important aspect of image lineament analysis is

the map area over which given lineament sets are
observed. The relationship of this map pattern to other

structures of known age and origin in the Patrick

Draw area gives important clues as to the timing and

the stress orientations that generated the lineament
trends. The areas in which lineament trends occur

indicate the limits of the region affected by the struc-
tural disturbance and its associated stress field.

These remotely sensed data have obvious implications

for hydrocarbon exploration. The area affected by a given

lineament trend can help localize general search areas.
Additionally, lineament analysis could aid in determining

the timing and direction of organic fluids migration from

source beds to final entrapment. This requires detailed

knowledge about the paleo-stress fields, which provide

selective directions of fracture plumbing for fluid migra-

tion. The present study suggests the possibility of using

lineament analysis to identify paleo-stress orientations and

related fracture orientations, to link these features to geo-

logically datable structures, and finally to map the area of

influence and relative intensity of dated paleo-stress
orientations.

3. Stratigraphic analysis. The ability to recognize and

trace stratigraphic units at the surface is essential for the

preparation of isopach, facies, and other stratigraphic maps.

This information, if integrated with subsurface data, may

be used to locate sites for potential stratigraphic traps and

to develop models of basin evolution. The recognition of a

previously unmapped lithostratigraphic unit-the Fort

Union/Wasatch transition unit (based on NS-001 The-

matic Mapper Simulator image interpretation)-is evi-

dence of the improved stratigraphic capabilities of these

data when compared to standard field methods. Addition-

ally, individual poorly exposed beds, which are difficult if

not impossible to trace using standard field techniques, are

traceable on NS-001 images up to 10 km.

C. Improved Soils and Vegetation Mapping

Tonal/textural interpretation of NS-001 Thematic Map-

_er Simulator images provided an economic means for

:stablishing the distribution of surficial materials in the
_atrick Draw area. Discrimination of soil units correlates

veil with BLM soil maps, which required years of field-

:ork to prepare. A supervised percent vegetation classifi-

ation image, using NS-00I band data as variables and

mited training areas obtained from field vegetation anal-
sis, provided an accurate map of areal variations in vege-

ttion cover. The detail of this image, which results from

te grid-sampling nature of multispectral data, could not

have been practically obtained using standard field vegeta-

tion mapping techniques. Geochemical and geological

investigations of the area demonstrate that these vegeta-

tion data reflect variations in substrate geochemistry, which

add to the understanding of the area's geology. Addition-

ally, if combined with calibrated image data, the super-

vised percent vegetation image can be used to estimate the

contribution of soil/rock and vegetation spectra within

individual image pixels.

D. Use of Multispectral Scanners as Platform-Borne
Spectrometers

Aircraft and satellite multispectral scanners encode grid-

sampled radiance values from the Earth's surface. Solar

radiation passes through the atmosphere, interacts with the

surface, passes through the atmosphere between the sur-

face and the sensor, and is recorded by the instrument as

DN radiance values. To exploit the potential use of multi-

spectral scanners as spectrometers, atmospheric and

illumination-aspect-dependent and instrument gain- and
offset-dependent corrections must be applied to instru-

ment DN radiance values. An empirical approach to this

problem was successfully used for NS-001 Thematic Map-
per Simulator scanner data from the Patrick Draw test site.

An empirically derived function was first used to remove

the scan-line brightness gradient from the original scanner

data. This procedure effectively normalized the atmo-

spheric- and illumination-aspect-dependent scene varia-

tion. To convert the resulting gradient-corrected DN values

to equivalent reflectance values, a modified version of the

Gillespie and Kahle (1977) approach for determining gain
and offset was used. Based on the observation that the dis-

tribution of gradient-corrected DN values was Gaussian,
the minimum, mean, and maximum values were extracted

from the NS-001 scene and plotted against the similar val-

ues determined from the large representative collection of

PFRS data from the same area. This plot provided a linear

transformation relating DN values to PFRS reflectance.

With these calibrated data, the "true" spectra of units rec-

ognized in other images, which have been processed to

optimize unit separation, can be retrieved from the scan-
ner data.

E. Spectral Analysis

One of the primary goals of multispectral remote sens-

ing is to use scanner data to identify surface materials.

Analysis of field and laboratory spectral data and image

spectral data for the Patrick Draw test site demonstrates

that in mixed soil/rock/vegetation terrain this goal is not

accomplished. Mixing several spectral components in the

scanner-acquired radiance data typically precludes unique
identification of materials.
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Appendix A

Results of Hydrocarbon Soil Gas Analyses
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Adsorbed hydrocarbon soil gas values

*ppm (vol).
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AbsorbedhydrocarbonsoftgasC_-C3data

ID C1. C2. C3.

L]-] 1.08 0,03 O.Oq

L]-2 0.61 0.02 0.02

L1-3 0.87 0-02 0.02

LI-_ 0.55 0.02 0.02

L1-5 0.97 0.02 0.03

LI-6 1.25 0.05 0-05

L1-7 1.12 0.10 0.08

L1-8 0.95 0.03 O.Oq

L]-9 1.96 O.lO 0-05

Li-|O 0.99 O.Oq O.Oq

L1-11 1.08 O-Oq O.Oq

L1-12 1.2q 0.06 0.0q

Ll-13 l.i3 0.04 O.Oq

L]-lq 0.72 0.02 0.02

L1-]S 1-31 0.02 O.Oq

LI-IG l.Oq 0.05 0.06

L2-I 0.92 0.03 0-02

L2-2 0.98 0-03 0.0_

L2-3 0.97 0.02 0.03

L2-4 0.96 0.03 0.02

L2-5 0.96 O-Oq 0-04

L2-6 1-19 O.Oq 0-03

L2-7 0.63 0.02 0.02

L3-1 1._6 0.09 0-0G

L3-2 1.92 0.07 0.02

L3-3 1.33 O.OS 0.06

L3-q 0-75 0.03 0.02

L3-S 1.26 O,OS 0-03

L3-6 2.16 0.13 0.12

Lq-I 1.2_ 0.06 0.07

L4-2 1,7q 0.06 O.Oq

Lq-3 2-89 0.11 0.10

Lq-q 3.7J O.lq 0.11

L5-1 l-Jq O.Oq 0.03

LS-2 3.36 O.lq 0.J3

L5-3 1-21 0-05 O-Oq

L5-_ 1.q5 0.10 0.21

L6-1 1-22 O.Oq 0.05

LG-2 1-14 0.03 0.03

L6-3 2.11 0.05 0-06

LG-q 0-91 0.02 0.02

L6-5 2.51 0.06 0-05

XLI-I 1.13 O.Oq O.OS

XL]-2 1.10 0.03 0.03

XLI-3 1.q8 O.Oq 0.05

XLl-q 1.62 O.Oq 0.06

ILl-5 1.31 0.03 O.Oq

XLI-6 1.16 O.OJ O,Oq

XL1-11 l.Oq 0.0_ 0.03

XLI-J2 0-26 0-02 0.02

XLI-13 0.8_ 0.02 0.0_

XLl-lq 0-87 0.05 O.U2

XL1-19 1-39 O.OG 0.06

*ppb by weight (nanograms of gas per gram of soil sample).

ID C1" C2. C3 •

XLI-I6 1.05 0.02 O.Oq

XL1-12 0.90 0.02 0-03

XL2-] 1.59 0.08 O-OG

XL2-2 0.56 0.03 0-03

IL2-3 0.92 0.10 0-]9

XL2-q O.2q 0.03 O.Oq

XL2-$ 0.G5 0.03 0.02

XL2-G 1.2q O.OS 0.0_

XL2-7 1.6G 0.06 O.OS

XL$-I 0.95 0.03 0.02

XL3-2 1.21 0.09 O-OS

XLq-I 0.77 O.Oq 0-04

XLq-2 O.q6 0.02 0.02

XL_-3 0-96 0-05 0.03

XLq-q 1.37 0.07 0.07

XLq-5 1.23 O-Oq 0.03

XLq-6 1.q1 0.06 0.05

XL4-2 1.51 0.07 0.05

XLq-8 1.72 0.23 0-39

8-1 1.59 0.08 0.08

8-q 0.61 0.03 0.02

8-9 1.12 0-03 0-03

R-13 1.06 O.Oq O.Oq

R-12 0.83 0.02 O.Oq

R-18 1.2q O.OG 0.08

8"19 1.83 0-09 0.07

R-2q 1-31 0.10 0-13

R-27 1.58 0-07 0.05

R-28 1.5] 0.07 0-06

R-29 1.58 0.02 O-Oq

R-32 1-18 0.06 0.04

R-35 1.3q 0.10 O-OS

R-36 1.31 0.02 0.02

R-ql 1-13 0.05 O.Oq

R'qS 1.09 0.05 0-05

R-q7 1.56 0.07 0.05

8-52 1.1_ 0.05 0-04

R-SG 1.09 0.07 0-09

R-GO l.qq 0.07 0-05

8-69 1-28 0.05 O.Oq

R-22 0.87 O.Uq O-Oq

8-7q 1.23 0.05 O.Oq

R-16 1.35 0.06 o.uq

8-79 1-06 O.U5 O.Oq

R-81 ].2q 0.06 0-06

8-85 1._2 0.06 O.OS

K-87 1.87 0.28 o-q4

8-91 1.59 0.09 0,07

R-93 1.00 O.Oq 0-03

R-95 1.20 0.06 0-0q

R-97 1.12 0.05 0.07

8-100 1.38 O.Ob 0-0_

R-101 1-36 0.05 0.03
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Cs+ lree soil gas data a

pIR.IO 3 Zu£1 I_ C1" C2" Cl" IC_* uCq" C5"" p/_.lO 5 I,[I

_'Cilies Service Laboratories.

*ppm (w_l).
--indicates below detection limits.
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C1-Cs+freesoilgasdata"

ID C1" C2" C3" IC_" .Cq" C5,. p/M.]O 3 ID C]* C2. C3" ICq" .Cq" C5"" P/M. IO3 Z_E!

L1-1 218.1 5.3 2.8 0.0 7].3 379.q 12.8q 26.7 L3-] 626.2 3].8 10.2 0.0 203.6 8.q 16.29 28.2

L1-2 397.0 ]6.5 5.7 0.0 124.3 597.2 ]q.36 27.0 L3-2 626.7 29.2 9-7 0.0 2]0-7 829.9 15.48 28-5

LI-3 463.8 23.9 8.q 0.0 1q5.1 686.9 ]8.11 27.7 L3-3 626-6 26-6 7.8 0.0 206.2 860-3 12.q5 27.8

Ll-q 511.2 18.0 9.] 0.0 165.0 503._ ]7.80 27-J L3"q 6_7.5 24.2 7.2 0.0 205.8 652.6 11-12 26.8

L]-5 520.7 22.7 7.8 0.0 176.5 526.6 ]q.98 28.5 L3"5 ]690.0 39.8 ]8-6 0.0 509-8 1365.3 1].0] 25.2

L]-6 _98.6 19-8 6.6 0.0 ]89.5 600.] ]J.2q 30.2 L3-6 2202.q 77.1 29-5 0-0 633.q 1740.0 ]3,39 25-2

L]-7 482-3 21.7 7.q 0.0 167-2 517-6 ]5.34 28.9 Lq'! 495.5 37.9 ]2-3 0-0 228.7 515.2 24.82 36.0

L]-8 460.2 20.2 6-6 0-0 J39.5 434.2 |q.3q 26.6 Lq-2 559.3 29-9 9.3 _-0 |97.0 851.8 16.63 29.7

L]-9 488.1 26.1 8.7 0-0 ]50.2 700.q 17.82 27.5 Lq-3 5]0.2 20.0 8.9 0.0 ]65.7 q8].q ]7.qq 27.5

LI-/O 239.2 7.1 3-0 0.0 63.8 27].7 ]2.54 23.7 L_-4 571.1 33.3 10.7 0.0 |86.5 788.q ]8-74 28.7

L]-]J 5J5.6 20.6 6.1 0-0 ]73.5 596.] |1.39 27-2 L5-1 548.6 J0.5 9.6 0.0 186-1 621-7 J7.50 29.2

LJ-]2 469.9 25.2 8.0 0.0 ]55.0 792.1 17.02 28.6 L5-2 625.6 34-2 10.6 0.0 214.8 886.1 ]6.94 29.3

L]-13 333.8 19.3 6.0 0.0 120.4 363.3 17.97 Jo.q L5-3 517.6 27.9 9-0 0.0 166,0 658.0 17.39 28.2

L]-]4 344.1 ]].7 q.8 0.0 J15.7 _06.2 13.95 27.8 L5-4 454.0 18-9 8.3 0-0 148-9 ]00.6 ]8.28 28.0

L]-15 311.2 ]0.8 q.3 0.0 99.7 320.6 13.82 27.0 L6-] 579.7 29.3 9.6 0.0 J9q.q 419.1 16.56 28.7

L]-]6 489.3 25.q 7.9 0.0 153.9 651.q J6.]q 27.7 L6-2 6]5.9 31.q 11.3 0.0 177.9 81_.6 18.35 26.q

L2-J 555.1 21.6 6.2 0.0 138.3 567.7 ]l.17 23.0 L6-3 545.6 2].8 9.3 0.0 163.2 565.7 17.05 26.3

L2-2 566.8 28,9 8.7 0.0 ]qq.5 529-3 ]5-35 24-3 L6-5 39q.5 15-0 6-8 0.0 114-5 486-9 ]7.24 25.7

L2-5 530.7 26,q 7.8 0.0 ]41.3 643.3 14.70 24.9 XL]-3 392.8 ]].7 5-2 0.0 ]1].6 J25-q J3-24 24.7

L2-q 439.q ]5.3 6.q 0.0 113.1 424.8 J4.57 23.5 XLq-2 537.0 29-0 14.1 0.0 ]41.7 640.1 26.26 25.6

L2-5 467.9 21-9 7.2 0.0 123.3 354.8 J5.39 2q.6 XLq-8 1559.8 53.5 21.6 0.0 353.3 ]093.9 15.85 21.6

L2-6 456.3 2J-2 6-7 0.0 ]17.3 395.6 13.78 23.0 R-q/ 469.] 26-9 8.5 0-0 130.5 52q.9 ]8,12 26.1

L2-7 515.7 25.9 12.9 0.0 138.1 558.5 25-01 25.5 R-97 330.5 15-1 9.3 0-0 92.6 377.5 28.14 26.2

_GeochemLab, lnc.

*ppm (vol).
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Mean ranked adsorbed gas values

;0 C1" C_* C1" IC** _

11-1 -0.5g -O.I2 -0.$1 -0.70 -O.II

tl-2 -0.91 -1.11 -1.15 -0.95 -I.15

LI-$ -o.79 -0.9_ -0.% -0.% -0.go

Ll-q -0,5| -0.55 -o.b9 -o.70 -0.70

LI-S -0.55 -0.15 *0._6 -0.IS -0.17

LI-5 -0.19 -I.06 "i-_i0 -1.12 "1.15

L1"7 1.21 0.55 0.15 0.38 O.O!

Li'I -0.85 "0.95 -0.91 "0.95 "0.93

L1"9 0.21 0.|1 0.27 0.30 0.Z5

LIoIO -0.18 0.25 -O.O2 °0.20 -0.11

11-11 0.65 0.55 0.59 0.55 0.51

11-12 -O.qO -0.52 -0.50 -0.15 -0.53

LI-I) 5.00 2.95 $.17 $.05 5.0|

LI-le -0.27 *0.17 -O.eq -0.57 -0.e2

11"15 O.lO 0.90 0.95 1.15 0.gg

LI-I5 0._I 0.50 0.52 0.17 0.e9

L2-1 0.37 -0.51 -0.$9 -0.q5 -0._2

1202 2.35 2.22 2.11 1.97 1.t5

12-5 -0.30 -0.12 *0.11 -0.37 -0.35

L2-e 1.01 0.�I 0.98 O.lO 0.gq

L2"5 -0.11 -1.01 -I.00 "0.% -O.+I

L2-6 -0.53 -0.11 -0.19 -0.70 -0.93

L2-7 0.07 0.57 0.51 0.22 0.52

13"I -0.12 -0.21 *0.15 -0.12 -0.1_

15*2 .O.r_l "0.59 *0.77 -0.70 -0.11

L$'5 -0.% -I.12 -I.16 -I.12 -I.IS

L$'_ 1.+1 4.57 2.5_ 1,68 /.14

13-5 -0,52 -O.Te °0"77 -1.12 *u.d!

L$*5 -0.58 -O._O -u.ql -_._7 -O.S_

L_-I -O.O0 O.O_ -0.15 0.05 U.l_

L,*2 -0.72 -0.85 -o.85 -0.;1 -0._7

Lq-5 -0.77 *0.11 -0.9_ -0.78 -0._$

L,'_ -0.5J -0.15 -U.15 -u.TI -u.75

15-1 2.11 1.10 1.29 1.$8 1.24

t5*2 -0.80 -0.91 -0.91 -0.17 -O-_J

15-3 *0.01 0.59 0._0 -0.0_ 0.4_

L5-1 -0.59 -0.52 -o.bo -0.70 -u._

tS-I -0.% -1.11 -i.le -I.IZ -l.ib

L5-2 *0.25 -0-21 -O, IO 0.U) -U._4

05*5 *0.95 -I.1_i -1.1_ -1.05 -1,15

L5-e -0.82 -U._7 -I.O_ "O.Y_ -i.oe

L5-5 -0.59 -0.13 -0.15 *0.70 -U.ll

xkl-i -0.7_ *0.7_ -U.71 -U._M -u.70

Xti'5 -0.25 -0.21 -0.10 -0.2U -u.l_

XLI-q -O.Ig -0.82 -0.b5 -0.87 -0.5_

1L1-5 -O._O -0.SO -0_3 -0._5 -0._5

Xkl-5 0,21 0.51 0.79 0.7_ U.H

XLI-IL -0.55 -O.b3 -0.52 -0.95 oU._9

XLI-12 -0.25 -0.SO -0.29 -0.37 -0.3b

xkl-15 -0.13 -O.qO -0.I1 -0.95 -O._A

XLI-II 1.52 2.55 2.5_ 2.42 2.10

XLI-15 -0.25 -0.29 -0.25 -0.20 -U. IY

X1.1-15 -0.91 -1.05 -1.10 -!.03 -1.0_

10 CI* C?* C_* iCe* ,Cw"

xLl*17 0.15 0.53 0.73 0.5_ 0.71

XL2-1 0.58 0.75 0.71 0.72 0.71

XI_-2 1.17 1.07 1.0_ O.80 0.91

XL2-3 1.15 1.53 1.29 1.22 1.15

Xt2-1 5.77 3.99 3.50 2.18 3.11

xL2-5 -0.39 *0.12 -0,50 -0.55 -0.55

Xl2-5 -0._0 -0.51 -0.52 -0.53 -0.17

X12-7 0.17 0.75 0.15 -0.28 0.09

Xt5"I -0.51 -0,73 *0.75 -0.70 -0.75

XL3-2 -0.2I -0.37 *0.$5 -0.37 -0.31

_11-1 1.25 0.55 0.59 0.31 0.19

Xtq'2 0.03 0.25 0,25 0.05 0.25

XL_-$ 2.30 2.01 2.09 1.8_ 1.90

XLg-I -0.17 -0.22 -0.25 -0.15 -0.19

Xt1"5 0,25 0,75 0.55 O.I) 0 "9_

XLq-5 -0.01 -1.08 -1.12 -1.12 -I.15

1Lq-7 0.21 0.33 0,27 0,72 0,20

XLI*I -0.97 -0.50 *0.51 -0.15 -0.59

XLS-2 0.29 0.12 o.n 0.55 0.�q

t-I *0.81 -0.95 -0.98 -O.17 -0.95

R-q -0.12 -O.q+ -0.91 -0.07 -O.ql

R*9 -0.02 0.10 0.25 O.q7 0.57

R-13 0.82 0.99 0.92 O.U 0.91

1-17 0.21 0.31 0.10 0.50 0.57

fl-18 0.19 0.09 0.13 0.15 0.20

R-19 -0.25 -0.Iq 00.39 -o.q5 -0.92

R-2q -0.|5 -0._| -0.95 -U.87 -0.9J

1-27 -0.77 -0.15 -o.l) -0.78 -0.11

R-5I -0.11 -I.IO -1.12 -1.1_ -1.1_

1-29 0.31 0.52 0.77 0.17 0.82

1-52 -0.51 -0.71 -0,71 -0,70 -0.75

u-55 0.02 -0.07 -0.05 -0,12 -O.OZ

n-55 0.57 0.52 0.52 0._7 o.te

,-el -O.gm -1.I0 -I.IO -1.05 -1.15

R-15 -0.15 -0.�q -0.91 -0.�S -0.13

R-_7 0.05 -O.U6 -O.01 O.U5 -O,OI

R-52 1.55 1.15 1.25 1.15 1._5

t-5_ -0.93 -I.07 -0.91 -1.12 -I.IO

i-50 1.02 0.19 0.15 o.n 0.99

R-sq -0.52 -0.79 -0.11

1-72 -0.25 0.59 O._q

1-79 0.06 -O.OI 0.02

_-75 0.32 O.ul 0.77

R-79 0.30 0.71 041

R-If 0.17 O. lq 0.09

1-15 0._2 0.51 o.il

1-|7 -0.72 -0.70 -0.59 -0.20 -0.70

1-11 0.15 1.25 1.50 2.27 I.q5

1-95 -0.59 -o.lq -0.75 -0.70 -0.10

1-95 0.27 0.32 0._2 0.55 0.Sq

a-97 -0.35 -0.52 -0.35 -0.21 -0.11

t-100 0.15 7.11 2.55 5._7 I,'_7

R-IOi -0.50 -0.51 -0.51 -O.70 -0.5_

-U./N -u.xl

1.22 1.48

0.15 0.15

1.72 l.tl5

1.15 0.99

0.72 0._9

1.55 l.lb

*In standard deviation units from the mean.
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Meanrankedabsorbedsoilgasvalues

ID C]* C2" C3"
LI-]
LJ'2
LI-3
L|-q
L)-S
LI-5
LI-7
LI-8
L]-9
L:-]O
L:-JI
LI-J2
LI'J3
L]-Jq
LI-;5
L!'15
L2-J
L2-?
L2-3
L2-_
L?-$
L2"5
L2-7
LS-I
L3-2
L)-3
LJ-q
L3-S
L3-5
L_-I
Lq-2
Lq-3
Lq'q
LS-J
L5-2
lS-3
LS-q
LG']
L5-2
L5-3
LG-q
LG-5
XLJ-J

XLX-?

XL/-3

XLJ-q

_LI-5

XLI-5 --20

XLJ-I] -.qq

XLI-J? -1.00

XLI-13 -.85

XLJ-I_ --78

XLI-J5 .26

-.35 ".5q -.22

-3.58 --90 -.5]

-.78 -.90 -.5]

*l.q2 --90 --5l

".S$ "-90 -.qq

-.02 ".13 -.10

-.18 1.15 .q]

".52 -.5q "-27

.60 1.15 -.lO

".52 -.385 -.27

-._6 -.385 -.27

-.Oq .13 -.22

--25 -.385 --27

"1.08 -.90 --51

-10 .385 -.27

"'qq ".J3 .07

"-58 ".Gq "-51

-.$5 -.6q -.27

-.58 -.90 -._q

".50 ".6q -.5l

".50 --385 -.22

"']_ -.385 -._q

-l.2G -.90 -.6J

.qO -.l) .02

l-q2 -388 -2q

-lq -.]3 -07

-1.02 --6q -.61

-0- -.13 -.qq

1.80 J.92 ].O8S

-.Oq -13 .2q

-95 .13 -.22

3.25 l._l .75

_.gq t.zs .92

-.2q -.Jas -.qq

_._o z.s8 l.zs
".tO "-J3 -.27

.38 l-J5 2.51

-.08 -.385 -.10

".2q ".6q -.qq

1.70 -,jj -07

-.70 --_0 ".Gl

2.50 -13 .q]

-.26 --385 -.lO

--32 -.6q -.qq

"qq "-_S "-10

.82 -.385 -07

.lO -._ -.22

"'_q -.27

"._q -.qq

".90 --61

-.90 -.qq

".90 ",61

.13 .07

*Instandard deviation units from the mean.

IO CI. C2, CJ*

XLI-16 ".q2 ".90 ".21

XLI-]? --22 -.90 -.qq

XL2-1 .56 .5q -07

XL2-2 -J-20 -.Gq -.qq

XL2-3 -.58 l-iS 2.27

XL2-I -1-0_ --6q "-27

XL2-5 "1.22 -.6_ -.51

XL2-5 -.oq -.13 -.27

XL2-? .80 -13 -.lO

XL_-I --52 -.5_ -.51

XL3-2 --lO .90 -.JO

XL_-I ".98 -.385 --27

XLq-2 1.60 -.90 -.61

xLq-3 -.60 -.13 -._q

XLq-q .22 .385 .2q

XL_-S -.06 -.385 -._q

XLq-6 .30 -13 -.10

XL_-7 .50 .J85 --lO

XLq-8 -92 q.q9 5.65

RI -66 -6q -ql

Rq -l.JO -.6q -.6]

89 -.28 -.6q -.qq

RIJ -.qo --J85 --22

el7 -.86 -.90 --27

RIB -.Oq -13 ._1

RI9 l.lq -90 .2q

82q .10 l.lS 1-25

827 ,6q .J8S --JO

828 .50 .J85 .07

129 .5q -585 ".21

lJ2 ".lG -13 "-27

t_5 -iS 1,15 "-lO

135 .lO -.90 --51

n_J ".26 --13 -.87

Rq5 -.jq -.J3 ".]o

kq7 -50 .385 "-lO

R52 -.?q --13 --27

855 -.Sq .J85 .58

160 -36 -385 ".10

R59 -Oq -.l) --27

R22 -.78 -.388 "-27

lTq -.06 "-15 -.?2

875 -18 ,13 --Z?

179 --qO --13 -.27

18] -.Oq -13 -07

RBS -q2 "J$ --lO

RS/ 1-22 5.77 b-S!

R9J .55 -90 .2q

R93 -,52 --J85 -.qq

B95 "-12 .IJ --27

R_7 -.28 .l_ -Zq

ilO0 .?q -IJ ",Z7

IJOl .?0 ".15 -.kq
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Mean ranked free soil gas values

IO Cl" C?" Cg* C$', P/R,IOOU Zv£! |0 El" C2o C5, CS', ¢/_,|000 [u(!

LI'| -1.01 -I,$1 -I,555 *.#i .._Z -.li ILl'IT -,It .07 .OI .g7 -.03 .11

t]'] ..50 -.ll -.ll .01 -,SI .02 ik_-I -1.20 -2.IS "" -I.ki .... 515

LI-I -.11 -.0| -.ll .12 .51 .51 112-2 ,11 -.51 -.10 -,12 -.21 -.ll

LI-_ -.11 -.50 .01 -,I1 ,h2 .|h XL,2-5 *.$2 -,06 -.70 -.05 ".21 ""

k|-5 -.|h -.l| -,27 -,21 -.5h .bh 11.2-q .il -,OLD -.hi "'% -.el -,15

Ll-i -,71 -.el -.51 .02 -,81 |.lh II.2*S -.59 -.qq -,51 .01 -.29 -.11

kl'! -.25 -.IE5 -.IS -.25 -.Zq .805 IU'_ -1,06 -,el -.ll -l.li -.2# -.11

LI-I -.li ..jq -.S5 -.55 -.S15 "'15 KI..2-7 -2.5h -1.15 -.q$ -.16 -.$0 "'lg

kl-t -,_h .11 o.O7 .$7 .hi .2_ XLS-I -.52 -.$7 -.08 .97 -.IX -.07

k|-lO -,q5 -1.51 -l,i2 -|.11 -l.OO -1.15 IL3-2 1.08 ,Ol -.20 "92 -.21 -.25

L|-II -.10 -.16 -.6h .01 -l.ll .lO ILq-I l.Oq .ll -,Oq -l.OI -.it -,lb

LI-12 "'_g .05 "'2_ .68 .21 .61 lLq-2 -.10 .5_ 1.12 ,16 2./2 -,56

LI-I$ -.hi -.hi -.i6 -.XU .hi |.hi lkq'$ "'gq ..r_ ".20 ".Tb -.18 e("|_)

kl-lh -.6$ -1.12 -.g5 -.65 -.$2 .15 lkq'_ "'q8 -,31 -.lO -.69 -._0 -.OTS

kl'15 -.11 -i.lO -I.Oh *.qq -.lldl .0_ XLh*5 .h2 .11 **_ 2.2_ ".25 -.075

LI'I6 -.ll .05 -.2h .20 ".O! ,ll XLq'6 .11 -.0_ -.20 -.50 ".25 -.Ol

L2"I -.05 -.27 -.62 -.Og -1.51 -l.6q Xkq-/ -.0t -.18 -.OS -.51 -.ll -.075

L2"2 -.Ol .iS -.07 -.22 -.2q -1.10 lkq'l 2,82 2.qS 2,71 1,7_ -,6S -2,22

L2-1 -.1_ .lh -.27 .1# .._l ..g8 I-i .$8 -- -.08 -1.00 *.ll -2.|)

L2-h -.ll -.8| -.51 -.S8 -.h$ -I.qq l-q .73 ._5 .02 -.10 -.09 .US

L2-5 -.2Y5 -,25 -._0 -,12 -q.O2 ..q! I-g .11 ,20 -.011 l,q5 -.IS .ill

L2-6 -.2h -.11 -.SI -.el -.6# -l.la I-ll -.$I -.Oi -.M -.)O -.10 .M

I,.2-# *.16 ,Og ,155 *.|i 1.18 *,11 l-l# "'ql .. -,Ol *.Oq *.|1 *Z. II

tl-I .16 .60 .25 -2.02 .01 .515 t-18 1.0_ .01 -.20 .71 ".27 -.Zl

L)'2 .16 .18 .iS .81 -.21 .lq t'lt .92 -51 "" .70 .22 -.11

t)'5 .16 .15 -,21 .$2 -1.01 -.15 t'2_ 1.00 .26 -.M -1.22 -.|1 -.11

L|'q ._ -.05 -.llO .dO "l.lq -.U7 t'27 .65 .19 .02 ".11 ",0_ .02

LI'S 5.19 1._8 d.ll d,_6 -1._ -.15 I-?S .$1 .17 -.10 ",75 .._$ ".O_

L3"6 h.k5 h.h7 1.50 1._5 ".H -.ll t'29 1,08 .51 .0l "l,0S ".11 ".OZ

kh'l ".22 1.12 .#2 -.77 2.15 5.7S t'52 ".0q ".25 -.20 i.h8 o.22 -.IS

Lq-i *.05 ,hh .U6 .6q .1| 1.1_ t'15 -.17 .01 ",U_ _.00 -,ll .015

Lh-5 -.17 -.hi -.02 -.Iq .$5 .1! I-l_ -.Oq .11 -.08 .b2 -.15 .05

Li-h -,0002 .75 .$7 .67 .ol ,12 t-el I.lh -,75 -.hi -,75 -.$6 "'il

kS-1 -.0_ .e9 .11 .10 .$q ._l I-hS -I.04 -,gq -.M -.87 -.80 -.Iq

L5-2 .16 .80 .15 i.0l .|_ ._7 I-q# lgl#.12 2#10.26 liil.h8 -.8_ 6.30 5,_7

_5o5 1.58 .70 .055 1.56 .51 .515 _-52 -l.lJ -l,0l -.el -1.55 -,11 -.0l

tS-h .b_ -.SU .0|5 l._h .5$ ._5 1-56 -.0_ .01 .OI 1.89 .._ .Oi

k6-I .07 .lJS ,i$ -,_7 .0q .#2 1-60 -I._9 -.19 -.ll -I.|9 -,i& "'q,P

k4-1 .15 .,_ ._o .lu .51 -.z_ 1-19 -.71 -.12 *.ZO -.0_ -.19 et

Li-| -.0# -.21 .06 -.10 ._2 -._7 I-1_ -.2q -._S -.Oil -.il -.12 -.0_

ti-I -|.l_ -,$1 -.OR I.sq -.O# IU I-el -.IS *.11 -._0 .05 -.22 -.I

L6-S -.50 -.8h -.he -.37 .i# -._l t-ll -.11 ..5_ -.11 .1% -.29 -.ll

Xtl'! 1.12 .26 -.OI -l.2h -.20 -.11 1-79 1.51 .58 -.OI .!0 -.li "'U_

ILI-5 .lh5 ll.h_ -.10 .12 -.l) -.ll t-81 .19 .01 .015 48 -,Ot -,l_

lkl-h .ll ,it -,0l .50 -,ll -.U15 t-IS 1.51 -,10 -,ll .Ih -,ll -,1

ILI-5 I.li .Iq -.OI -l.l! -.12 -.17 1-17 .IS .51 ,OI .51 -.Oq .0

lkl-I i,91 &.gl 7.97 .iS 5.08 h.h8 1"91 .01 -,Oi -.015 "'|7 -.0_ .U

ILI-il -2.01 .. -.01 -,Th *.dh -2.15 t-95 -.q0 .O1 .015 1.51 -.0i .l

ILl-12 .22 -.Oi -.lO .15 -.lq -,11 t'qs -.ll .lk -.O& .nl -.11 .I

ILI-il .11 .$2 .055 1.11 .,0_ II 1-91 *.19 -.ll .0_ -.15 $.ll °"

XLl-iq .18 .ll -,Ui ..el -.0_ .U7 l-lO0 -.2q .01 .05 1.12 .05 ,i

ILl-15 -.h_ -.12 -.0l -,71 -.11 .02 t-101 .65 .51 .0l -.ll -,0t

*In standard deviation units from the mean.
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Appendix B

Results of Lasertrace ® Soil Elemental

Geochemistry Analyses
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Soil elemental values a

ID
AI
A2
A3
A_4
A5
A6
A7
A8
A9
AIO
All
@,12
AI3

AI5
AI6
AI7
AI8
AI9
@,20
A21
#,22
A23

A25
B1
B2
B3
B4
B5
B6
B7
B9
BI0
BII
BI2
BI3
BI5
BI6
I317
BI8
B19
B20
B21
B22
B23
B2_
B25
DI
D2
D3
D4
D26
D27
D28
D29
D31
D32
D34
D35
D36
D37
D38
D39

Ca
28880
29030
38950
22920
24950
33690
29360
12570
16420
61530

7586
14960
12580
11640
4211
2871
7698
1909

14280
7851
28_5

1093O
3712
3769
30ql

21210
1073O
15640
11220
15710
29810
20460
21800

6392
17_60

3930
19990
11750
40280
10500
18550
6353

19L130
15890
20800
5141
3089
7678
8390

16070
8912
9818

15570
20350
16000
14930
15160
18320
20370
14360
18670
6820

10360
21880

Cu
88.0
79 ._
81.9
71.0
75.0
75.5
72.8
63.3
73.3
83.9
78.2
53.8
68.5
77.8
83.3
71.4
76.4
77.6
91.1
73.8
76.6

128.6
92.3
73.5
58.0
53.9
82.5
70.5
93.9
69.9
38.9
59.0
70.3
5_.4
75.0
22.8
65.9
67 ._
35.7
51.0
80.8
71.1
82.9
70.2
61.8
62 .ii
92 .it
79.5

123.6
9_ .2

108.41
124.1

63.5
83.4
9_ .2
87.2
71.4
86.9
77.5
83._
76.7
6_ .5

105.2
7_.6

re Bn Ni P K
_4190 780 zlO. 8 985 28(190
46130 883 38.7 1151 31500
42890 936 38.5 924 30850
42260 772 39.1 992 314170
44920 718 36.1 965 31510
43820 800 36.8 983 30090
46270 1088 37.8 1139 31300
46890 583 39.3 879 28960
4_730 886 35.8 1048 29750
43640 1761 _lO.q 1221 28760
_7070 739 36.6 1093 31130
67580 716 42.1 1069 25_80
43580 805 34.5 1126 32920
51070 792 37.2 1066 31980
48950 700 35.6 1094 286_0
41_350 704 39.2 1070 29330
40540 363 33.2 926 19890
53120 537 43.2 1046 27700
47890 638 42,,3 1071 24230
50170 365 37,,9 920 27910
52160 927 33.2 1032 29880
51720 603 38.3 1129 27670
52880 674 37.1 1112 29770
5zl610 822 34.7 1185 30160
48850 1004 31.6 1215 32490
52040 820 41.2 1010 31030
46390 1346 30.3 1240 31900
_5170 930 33.3 980 3_200
48210 6_1 32.6 909 34050
46800 877 34.3 1163 31940
39720 905 31.6 798 26100
44J100 916 31.0 1075 28300
45t140 8_tl 3_1.9 1112 30380
4 1630 877 3 I105_ 9032.6 1
42080 860 32.8 1281 33810
33050 442 21.0 639 26860
45060 810 36._ 10110 33170
46520 613 28.3 833 35_70
_9780 111,70 32.9 968 26160
_5250 7100 27.7 987 31380
70150 60_ _5.2 1246 25160
47460 569 31.1 10111 30090
49930 769 34.1 993 299_0
45780 931 32.8 1106 31330
_6180 60_ 28.5 905 25_80
_3660 965 30.0 1116 30100
_8090 786 35.5 1038 31260
50300 1078 38.5 1319 33650
_4350 9_6 35.0 11_9 27860
_7940 1126 37.6 1310 28700
5(]720 840 elO.O 1425 26690
_6500 959 33.7 1198 31220
49730 730 36.1 1123 29030
48000 686 33.8 1104 28830
4"J770 807 36.1 1150 32310
/47640 887 34.2 1178 33390
43670 981 32.8 12_18 31t430
_7980 806 37.1 11_8 321_0
_7990 937 35.7 1085 30450
q Sq_O 787 3_._ 1066 31590
_5280 918 35.2 1216 33090
51640 806 32.1 1237 31170
_7_80 778 33.0 1238 33500
46430 1037 31.6 1182 31080

Na Ti V Zn
4697 2322 130 132
6108 2519 120 126
5589 2227 120 11_
5308 21_7 117 117
5554 2064 122 115
4636 2020 120 120
5038 2125 128 128
3635 2106 1_2 135
_013 2281 132 126
_0_2 189_ 119 131
3831 2_01 127 135
7_17 2127 1_0 126
_034 2_97 120 12_
3623 2339 128 127
3575 2_06 125 126
3556 21_0 127 1_6
2_66 2358 131 12_
3116 2_5_ 135 207
3063 2309 133 1_5
5222 1900 117 138
3503 2_5_ 136 139
3577 1977 123 151
3_39 235_ 136 I_3
4168 2275 133 128
_252 2280 114 123
8_95 2055 109 109
6856 2206 116 122
6012 2122 118 131
68_4 2280 119 115
5515 2040 127 12_
722_ 1563 97 92
5115 2055 116 118
5976 1955 116 120
7389 184_ 107 106
7_86 1863 112 125
94_9 1_15 85 76
5832 2083 122 134
6297 2170 110 105
8055 1809 103 99
5_81 2203 111 11_
6390 2260 176 120
_555 2362 128 128
_772 2173 123 1483
_787 2068 128 136
6273 1960 109 113
5238 2058 11_ 117
3739 239_ 132 139
4250 2288 125 139
t1151 2098 116 178
4281 2063 123 1_6
3472 1981 142 167
_635 2129 115 132
_779 1960 115 1_ 2
4201 2050 128 127
5337 1979 120 128
5_90 2153 123 126
5_9_ 202_ 117 129
5301 2067 119 120
5052 19_7 122 138
_0 1963 123 1_8
5_76 2106 116 13_
4933 2096 133 1_2
5029 2073 117 162
5508 1859 110 123

_ln ppm.
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ID
E5
E6
E7
E8
E9
El0
£11
E12
E13
EIq
E15
E 16
E17
E18
E19
E20
FI
F2
F3
F4
F5
F6
F7
F8
F9
FI0
F11
F13
F14
F15
F16
GI
G2
G3
64
G5
66
G7
G8
69
612
613
GI_
G15
G16
G17
G 18
L1-I
LI-2
LI-3
I.I-4
L1-5
L1-6
LI-7
L1-8
LI-9
L1-10
L1-11
L1-12
L1-14
L1-15
L1-16
L2-1
L_-2
L2-3
L2-4
12-5
L2-7
L3-I

Ca

11670
11050

3185
2874
3420
6518

21450
26780
5304
2770

42310
26O90
2705
2545
2806

31590
13770
12850
23150
28590
19380
27420
16940
19740
21970
46780
57010
13950
12630
14090
11240

5405
7687
35_0
3540
5158

14760
6186
2692
228/4
6328

20800
4896

32570
13470
12550

376/4
3185

C u Fe Hn Ni P K
63.2 45680 971 34.0 1123 34120
/42./4 4/4410 722 27.9 872 24640
77.8 /48300 983 32.9 983 32900
71.0 45860 700 31.6 1001 33520
70.6 4_640 986 34.9 1389 33730
63.9 45990 1217 31.6 1060 31770
7/4.3 _5560 10/47 48.1 1078 33380
74.3 46150 6_6 42.0 107/4 2/4760
90.1 54860 716 35.3 1138 29680
74.5 53000 805 37.9 I02_ 29700
83.7 54000 705 38.8 1193 21780
62.2 _8880 1188 35.9 1134 28920
67.5 51230 919 31.3 1000 28540
72.3 48520 690 32.9 900 31310
69.9 530_0 1179 36.9 1124 31840
56.9 50640 1051 35.8 1090 32360
_t5.1 5C050 615 qO.q 777 27780
69.7 /48000 79/4 39.5 1084 31250
72.9 47500 793 /43.8 1021 31200
63.4 _7300 1199 37.8 1178 31520
70.4 /48710 1120 36.0 1311 30590
66.1 44610 489 43.7 952 30960
72.9 /48550 813 41.2 1161 33990
67.5 /47730 933 38,,5 1069 29600
66.2 44660 963 35.3 1073 31460
55.1 _7510 1571 37.9 1552 27180
72.0 5?6/40 1269 38.7 1069 25780

Ha Ti V Zn
_86/4 2097 117 121
6722 1770 103 99
5162 2362 117 129
4690 24 15 110 130
4520 24 15 118 130
4310 2329 110 116
5037 22 17 117 132
3595 2287 117 13/4
14196 2620 142 1/40
_050 24 16 131 139
3349 211/4 135 115
3751 2136 116 116
4308 2532 126 125
3680 2345 128 141
_572 2487 128 1/43
4392 2113 109 115
7315 2197 120 104
5101 2336 132 128
5187 2240 125 116
4883 2266 118 123
5257 2269 120 129
4885 2109 130 119
6166 2197 12/4 115
6528 2001 116 108
5375 2395 117 109
7362 1759 92 109
6171 1933 103 109

80.1 46750
60.2 44040
65.3 /45910
75.0 60250 928 /43.3 928 33070
75.2 /48260 1067 37.7 1100 33320
72.4 50030 1083 41.5 1259 36/420
70.5 50670 1029 38.5 1315 31_50
81.1 50230 12t49 35.q 1170 30910
76.5 /44610 1035 31.9 886 230_0
68.5 50070 889 38.3 1022 29880
60,,1 /48500 1011 3/4.6 1073 30920
65.3 52780 968 38.q 949 292_0
60.4 57630 918 39.5 924 30660
72./4 56300 724 _1.3 1124 28090
73.1 53800 820 39.6 1077 28320
64.4 5/4170 103/4 36.7 1047 29100
46.7 51790 681 38.4 1003 214690
/46.1 43900 858 32.0 890 27600
83.1 53850 83/4 37.3 973 30750
75.6 53320 903 37.2 968 31700
88.7 _2670 464 3_.7 968 23860

553 40.1 971 31860 11150 2230 137 122
323 39.3 6_0 29/400 463/4 2/45_ 148 124
556 41.6 884 31080 10530 2245 138 115

91/45 2276 130 119
6203 2537 117 t34
5573 2411 127 135
/4832 2356 117 135
/4940 2463 124 129
4341 267/4 120 118
4501 2165 123 119
4339 2/438 120 120
/4381 2389 125 124
!163/4 2468 134 1/41
3473 23 16 1/42 1/40
3259 220t4 131 129
5328 2/464 133 123
3422 2378 1/49 115
6106 2057 112 104
_156 2323 128 125
/4583 2482 133 137
236/4 2203 128 19_

3566 164.1 _4800
8665 83.0 /44130
6391 78.6 42_70
7390 86.4 /46530
6405 95.7 /44520

39530 117.3 /49530
39760 93.5 _2150

9050 89.3 _5500
11110 76.2 39660

515 55.0 1500 33050
599 36.1 982 29610

537 37.0 8_ 27750555 38.1 28560
508 38.4 920 30800
522 41.1 1227 30010
926 36.9 1115 28860
857 37.0 1102 296/40
455 31.0 819 27200

9306
12650
29720
23290
19350
10670

7370
5842
5821

71350
36800
7196

8/4.8 /49310 1055 40.9 1352 29500
77.3 /43030 885 3/4.3 1096 312/40
93.7 44820 1409 38.5 1109 30540
79.q 42290 959 35.1 1067 33160
82.0 /42080 984 38.3 1126 3_100
88.8 /40690 523 3/4.0 1000 32670
65.5 _1160 394 34.3 680 31080
93.1 /43360 612 36.5 946 32460
80.5 /43530 805 35.9 1073 3/4880
60.7 425/40 882 37.3 1049 26960
87.7 37640 2346 61.5 1683 26050
67.9 45350 790 37.2 1170 30740

480/4 212/4 138 274
344/4 2270 127 138
303/4 2270 123 165
2960 2220 135 152
3177 2283 137 182
3887 2240 131 139
2647 2135 113 126
3323 23/40 123 138
2599 2050 126 147
3597 222/4 131 173
3363 2235 123 141
4113 2070 121 1/43
4392 2175 116 131
/4677 2226 109 151
3298 2016 116 167
2745 1926 118 120
3581 2209 122 137
3837 2294 123 1/40
/4009 1739 111 120
3489 1287 92 167
4310 2254 116 138

11-109



ID
L3-2
L3-3
L3-4
L3-5
L3-6
L4-I
L4-2
L4-3
L4-4
L5-1
L5-2
L5-3
L5-4
L6-1
L6-2
L6-3
L6-4
L6-5
R-I
R-4

Ca C u Fe Mn N i P K Ra Ti V Zn
4034 56.8 35100 230 34.3 866 17110 2113 2516 158 183
1743 _60.737450 11227.5 85215640 23362727203179
11410 88.841860 71833.9 98924140 31232300136134
14390 77.655330100145.6114825240 46602290137173

8981 63.. 4710042350 71555334.934.2105431680 4961236011412060 .2 837 25630 8420 1912 118 134
368205733 84.8 41540 365 31.2 831 21820 2650 2353 128 132

334 27-65 894 2370 13231. 943 50103936 87.3 41540
3344 82.2 45390 494
2727 83.7 45820 665 36.3 1012 380
4817 87.5 43530 348 32.5 803 I090
7751 IC7.2 44100 345 34.9 921 1950

98.9 42140 454 38.6 881 _470
72.6 49180 896 35.8 1039
70.8 47290 7 9 35.3 1157
76.6 43660 5_3 31.3 903
84.2 47730 325 28.6 885
80.5 46520 997
71.8 42550
55.5 45630
72.9 48170

4306
2764
3595
2173
2352
3421 794
3469
3483
2530

2128 2522 131
2605 2330 129
3859 2222 120
2449 2296 132
2657 2263 128
2818 2044 126

7810 3435 2246 128
3250 4476 2250 126
8350 3382 2257 124
4850 2636 2353 135

422 27.4 6540 3611 2272 129
358 26-8 4370 3111 2270 117
755 28.5 1038 0290 4620 2186 117
835 983 0150 4415 2491 127

155
154
162
171
186
141
140
153
140
130
110
128
138

106 12635.4

,_5 1086 34.9 1015 Z7400 3652 19811163304525 1088 31.1 1119 31340 4297 2284 121 13632.3 1114 24310 3342 2278 145
44.7 963 25600 3341 2157 t47 140

919 31380 3891 2261
855 3324 0
9413 30720
980 28680

R-9
R-13 59 42280
B-17 70 48150 119
B-18 6052 56.5 53930 722
R-19 15200 57.7 60590 787 115 127
R-24 3689 66.5 46470 802 34.4 4080 2200 111 125
E-27 2013 59.2 44570 739 30.0
R-28 2014 64.4 54090 718 35.0 3319 2304 132 1423544 2159 116 158

46610 712 36.1 377E 2231 127 157
408! 1927

2722 64.3 1051 32100 i 54

E-32 15290 "/_.3 49450 545 . 86_ 2/]90 '*,-_- .... 1 53
!1-35 2410_0 6U.u 45220 629 37: 1101 26320 3647 21_6 128 1,=_
R-36 /u 81.5 50_30 815 38_ 15 31210 2_b/ z,_u- ,.,v ..1I1-_1 57 643 38, 10 246 126 1534 77.1 5_220 31580 3216 2
E-45 251 70 1015 36. 1237 7 1904 120 149
It-47 3770050 76.879.5 51345080 729 38. 1005175 30880264104793331 2351 143 153
E-52 20 0 701 38. 1 2106 129 13717060 82.4 5162 997 32130 4247 7

E-60 0 55.4 t13680 871 26_20 3889 1862 ,1E-72 21220 b8.1 ,,o,,v _ 31.3 1133 30 30 4_"J_ zuoq I 8 132
E-74 ]J]6 0 711 39.8 1020 1936 107 120
E-76 24300 79.7 4563 904 34.5 1087 31_50 _68_ 1935 110 119
E-79 20280 66-! ,4z'J_ 1 34.2 998 3lieU _o-- 119 128

23400 69.6 42870 85 1061 29870 4415 2203E-81 0 886 37.1 1906 155 13270.6 4581 80 2866I_-85 26150 38.3 886 255 19 129.6 _2460 480 4580 2027 1
22080 61 37.8 1124 27330 123 136zo. ,oo8 ,19

o
R-95 9658 uo.,_ u 1119 _6460 4UZq =o

30 87.9 5236u Z°_a_ _'_ 'J_3 _8880 4866 2___ J_ "__-_101 449 62.9 _5991.9 _,_,, -='_ _ 11_4 30860 50_1 4z_e. _ ;_
_3 440 _qz =u ..... 9 22_'J _o ,--

567 78.0 51 1 29.4 857 26830 351 25 138
02 99..9 _8920 54 8590 4654 2204 1
03 3681 9 52400 1011 33.3 1195 Z 4689 2367 !2_5 131
U4 3234 64. 1029 32.4 116_ 33740 2189 122 13297.0 51780 30210 4780
US 7_bS = 1 52210 995 3_3.2 1!78 ._.,_,_ 3680 ,158 123 1.2.2

D_)-) uO. 02 34./ IU.13 .),.,_,0 ; 1 125 11/06 76.3 48_t30 7 5850 39 10 .15
U7 5_23 690 1007 35.5 1320 2 27 Z288 122 136

11130 91..5 56=_,,,, 964 31.0 110_ 32290 _2 _ 980 115 139
08 5227 l_,._ _" 1096 2UU]U ._,:,,, I
U9 0 52540 1018 34.8 0 3455 2185 123 133s ,,o ns5
011 .... 91U j.l.o ,v-,, ..,.1 q, 1JU ,'_,.0 52170 0 3750 22012 4927 83 732 36.3 10116 3063 225_ 126 146
U13 2480 "/5.7 51990 "_ 35.8 1103 33390 _02_ .,,,,._ _22 135
o14 5119 8 .9 51480 33.8 1o28 311 9 1.9
U15 2645 70.5 50820 68 9 1121 28600 j_, L_,,,
[I16 2436 69.3 50400 1041 32. 75 2369 122 133
017 2187 70.4 51350 1086 32.4 1107 30470 46 0
018 2475 86.7 49500 719 34.9 994 29770 3422 2164 126 14
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ID
U19
U 20
021
022
023
024
U25
026
027
028
029
U 30
031
032
033
034
035
U36
037
038
039
0 40
041
042
043
044
045
U46
047
048
049
0 50
051
052
053
054
055
U56
057
058
059
060
061
U62
063
U64
_65
066
067
068
069
070
071
072
ZLI-1
ZL1-2
XL1-3
XLI-4
ZL1-5
XLI-6
XLI-I 1
XL1- 12
X£1-13
ZL1-14
XL1-15
XL1-16
XL1-17
%L2-1
/L2-2

Ca
2549
1899
2985
1971
2278
2736

10480
7824

18230
6136
5673
3098
3455

12880
16300

5601
3167
1883
2881
2094
2309
2646
3952
5361

10040
4777
2792
2535
7867
3584
2807
2260
2946
14470
13820

8943
8760
4339
2729
6388

15350
4954

10940
9518
4159
2916
2164
2009
2207
1993
3143
4340
1904

13120
4406
8465

11460
8026
3333

23340
3009
2819

21180
6209

10930
6193
6965

11780
25390

Cu

71.7
74.6
78.3
75.6
69.7
83.8
62.1
88.0
92.0
75.8
76.0
82.1
75.4
75.1
65.6
72.1
77.8
80.3
71.3
75.5
69.7
76.7
67.9
75.7
62.3
67.3
75.0
74.4
84.11
83.4
78.3
80.4
94.6
85.2
77.7
76.7
83.7
66.0
67.6
74.3
68.4
70.7
63.9
74.7
78.5
92.7
79.3
73.9
74.4
80.4
83.6
72.6
66.5
77.2
70.5
76.4
77.2
75.0
71.3
57.4
77.6
76.9
80.9
87.7
68.1
66.1
58.9
67.0
61.3

Fe

5 5650
49360
65700
51910
44770
49900
66140
46020
51500
50230
49550
50_90
51360
47810
4 7370
49420
45240
48990
55270
52720
51990
5 1820
_5300
51200
46610
45610
53120
45550
44240
57960
53330
54710
53460
48840
4928O
5C490
49290
6 1360
60110
52020
49100
49500
63290
54560
54590
56650
52960
53550
52140
52780
51 _30
58020
56540
52880
47660
47600
47180
42130
59710
54500
50680
54650
5O600
49770
44320
46050
48770
46570
41050

Mn

668
650
566
710
599
681
537
753
668
872
668
819

1068
863
889
724
650
742

1038
1306

874
734
704

1150
730
563
933
501
429

1045
987

1024
995
827
681
747
637
832
915
702
722
807

1058
993
874
964
977
586
824
658
756
758
814

1025
725
692
611
273

1153
1092

881
941
777
401
811
668
948
631
6O4

ii
34.4
31.5
26.8
31.6
32.3
33.1
36.1
31.2
39.3
32.7
31.6
31.5
33.6
30.9
29.8
33.7
30. I
31.9
33.5
33.5
28.8
31.5
29. I
31.0
30.0
32.0
34.9
29.6
28.4
36.0
34.6
33.0
32.4
33.3
34.4
32.7
33.4
37.5
37.1
37.4
31.1
33.2
34.8
38.6
32.8
35.8
39.4
37.2
37.3
39.9
36.5
39.9
39.3
35.5
34. q
36.8
38.6
27.0
38.4
44.7
36.6
39.6
37.7
36.2
31.9
34.3
36.3
38.7
37.9

P
996
9119
894
991
982

1079
969

105_
1172

991
979

1087
1268
1015
1146
1079
1027

974
1150
1223
1271
1070
1026
1199
1036
1002
1121
1191

872
1080
1069
1096
1282
1077

975
1005
981

1304
1185
1056

962
1004
1283
1157
1031
1096

999
882

1013
925

1121
1017

975
1089

981
1039

957
805

1290
1293
1066
1140
1013
877

1182
1011.15
1222
1156

861

K
27910
28820
27220
29620
30470
28980
26380
27170
31670
29690
30840
28690
32810
31800
30430
312110
2926O
31380
29950
30560
32660
30650
34170
33940
28590
31340
30340
33960
34750
32340
3128O
34720
32590
31180
33190
32320
31880
28920
29560
29420
33060
31580
30550
27500
31710
33350
32290
32380
31910
32800
32840
30010
32810
3239O
27780
2704O
29010
20160
27830
25440
31930
32500
31110
28110
30800
29710
27150
36020
29220

Na
3958
4461
3176
4818
4012
3902
3639
4967
3887
4493
4628
4334
4558
3982
4855
3671
3380
4559
4024
5046
5486
5016
4146
4695
4501
4348
4718
4201
5626
4196
4011
4701
4387
3846
4269
4740
4619
4391
3937
4097
5686
4974
5018
5006
4306
4364
4402
4770
4662
4017
4433
3705
5268
3894
3030
3297
2587
1721
4290
2902
3613
3753
2805
406 1
4694
5030
3837
3784
3921

Ti
23 16
2305
2267
2306
21112
2187
1926
2078
2398
2333
23112
228 1
2265
2152
2176
2177
2155
2348
2264
2422
2491
23 14
2251
2354
2025
2126
23 13
2313
2256
2292
2343
2433
2387
2336
2173
2335
2407
2502
2674
2566
2521
2289
26 19
2465
2366
2423
2470
2428
2319
2335
2367
2639
2536
2339
2246
2148
2256
2397
2432
2230
2299
2359
2241
2306
2230
2174
2268
2158
1816

V
127
120
121
121
121
126
121
121
134
127
125
121
123
117
117
121
118
116
120
121
119
121
116
121
114
120
125
115
113
128
1211
122
120
128
132
125
125
132
154
140
119
117
142
130
123
127
124
123
117
123
132
147
131
127
127
119
130
130
147
127
128
139
135
145
115
118
120
136
120

ZD
142
139
128
146
147
151
142
116
129
126
135
147
136
123
113
136
133
141
1 50
160
141
159
136
155
121
124
1L15
132
110
155
147
154
156
131
128
121
121
156
156
139
115
130
142
137
145
153
1 52
142
143
142
137
142
139
135
1 50
152
1 53
125
169
145
135
146
133
128
118
122
145
134
117

11-111



ID
XL2-3
Xt2-4
XL2-5
XL2-6
XL2-7
XL3-1
XL3-2

Ca C u Fe
23280 72.3 43290
25540 70.1 42060
10230 103.5 37190
7791 71.7 41730

84.5 434703901
13650 71.7 44400
8915 76.5 49130

Mn Ji P K
774 40.2 990 29950
724 36.0 902 28350
415 39.2 761 21290
584 36..9 920 32710
303 32.8 896 21710

691 45._ 1026 30820676 35. 970 33690

Ha Ti ¥ Zn
3600 1973 120 129
3076 1969 123 128
23 10 22 17 126 I_9
3942 2318 120 121
2424 2109 122 I_8
3790 2193 116 131
4101 2326 130 126

11-112
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Section 12

Lost River, West Virginia,

Petroleum Test Site Report

h Introduction

The Lost River gas field is the easternmost of the three

petroleum test sites. It lies in the Ridge and Valley Prov-

ince of the Appalachian Basin (Fenneman, 1938), a region

now undergoing renewed exploration activity as the "East-
ern Overthrust Belt" (Crow, 1981; McCaslin, 1981). The

Columbia Gas Transmission Corporation discovered and

developed the field during the 1960s and has produced

approximately 14 billion cubic feet (BCF) of gas from the
Lower Devonian Oriskany Sandstone reservoir.

Structurally, the field has been well defined, occurring

on a NE-SW-trending anticline. The primary porosity and

permeability of the Oriskany reservoir are low; fracturing
associated with thrust faults and associated folds is appar-

ently responsible for the creation of an adequate gas reser-

voir. Additionally, fractures may provide potential avenues

for the migration of natural gas from the reservoir to the
surface.

The Lost River test site differs from the two other petro-

leum test sites in three significant ways: (1) it is located in a

;tructurally complex thrust sheet, (2) it is heavily covered

_¢ith vegetation, and (3) it is located above a simple anti-

,qinal gas reservoir rather than above an oil reservoir or a

:omplex of oil and gas reservoirs. These attributes make

he Lost River test site a challenging area to test new

pproaches to geologic remote sensing.

The principal objectives of the study were:

(1) To investigate the utility of remote sensing for litho-

logic and structural mapping in an area of near total
vegetation cover.

(2) To determine if surface features (structural, vegeta-

tive, or geochemical) exist that may be correlated with

the gas reservoir.

(3) To develop techniques to detect such features by
remote sensing.

II. Geographic Setting

A. Location and Access

The Lost River test site is in east-central Hardy County,

West Virginia (Figure 12-1 and Plate 12-1). No major roads

cross the test site, but access to it can be gained by travel-

ing on any of several township roads west from West Vir-

ginia Highway 259.

The test site is approximately bounded on the north by
West Virginia Highway 55, on the south by Lost River State

Park, on the west by South Branch Mountain (Helmick

Rock), and on the east by the Lost River. This northeast-

erly canted rectangular area encompasses approximately
200 kin:. The corner coordinates of the test site are lat.

39 ° 10' N, long. 78o50 ' W; lat. 39o05 ' N, long. 78040 ' W;

lat. 38050 ' N, long. 78045 , W; and lat. 38055 ' N, long.
79o00 ' W.

B. Climate

The test site is in the temperate, semihumid zone of the
Central Appalachians. It lies in a rain shadow as demon-

strated by the average annual precipitation of approxi-

mately 40 in., the lowest for any area in West Virginia.
Prevailing winds in the test site area are from the west

(Sturm, 1977, p. 128).
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Figure 12.1. Location map showing the geology of the Lost River test site, Hardy County, West Virginia (Prouty, 1926)

C. Physiography and Drainage

Lost River gas field is located in a valley at an average

elevation of approximately 2000 l't above sea level (Figure

12-2). Ridges on the east (Big Ridge) and the west (Hel-

mick Rock) average about 1000 ft higher.

Plate 12-1 illustrates the drainage pattern in the test site

area and shows the location of major cultural and physio-

graphic features. The topography of the area is typical of

the Ridge and Valley Province, characterized by parallel

NE-trending ridges and valleys. Ridges are commonly dis-

sected by transverse water gaps. These relationships result

in the development of the trellis drainage pattern, whi

characteristic of the Ridge and Valley Pro_ ince. On the

of drainage pattern and texture, the test site may be di_

into six drainage subareas. As shown in Plate 12-1,
subareas are:

(A) An area of relatively coarse-textured, poorly d
oped dendritic to rectangular patterned draina t

(B) An area of relatively coarse-textured, me

less radial-patterned drainage composed ot

dendritic-patterned drainage systems.
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(C) An area of two opposing, relatively fine-textured

parallel-patterned drainage systems separated by N E-

trending South Branch Mountain. The symmetry of

this drainage area is disrupted in the southwest by

the nearly due-north-trending major drainage of the

south fork of the Potomac River and its tributary,

Stony Run.

(D) An area exhibiting the best development of the

medium-textured trellis drainage pattern that is most

characteristic of the Ridge and Valle\' Province.

(E) An area with drainage characteristics that grade from
those of area (C) in the northwest to those of area

(D) in the southeast.

(F) An isolated area of medium-textured centripetal
drainage pattern.

III. Geologic Setting

A. Stratigraphy

Table 12-1 summarizes the stratigraphy of the Paleozoic

sequence exposed at the surface and penetrated in the sub-

surface of the Lost River test site. The youngest unit that

crops out in the area is the Early Mississippian Rockwell
Formation (kudlum, 1952). The Devonian is the most

widespread system exposed in the northwest Ridge and

Valley Province. Locally exposed Devonian strata include

the Hampshire. Chemung, Brallier, Harrell, Mahantango,

Marcellus, Needmore, and Oriskany.

Except for the blanket strandline deposits of the Oris-

kany sandstones, all exposed strata were deposited in palu-
dal, tidal llat, and deltaic enxironments of the westward

prograding Catskill delta complex (Kummel, 1961. p, 110).
Some significant characteristics of selected units are dis-

cussed below, in order of increasing age. This inlbrmation

is extracted from ('hen (1980), except as noted,

l. Rockwell Formation. Outcrops of resistant, blocky,

jointed, light brownish-gray sandstones mapped by Prouty

([926) on South Branch Mountain are assigned here to the
basal member of the Pocono Group. Similar strata cap-

ping the southwest end of Big Ridge were assigned t_ this

unit by Sturm ( 1977, p. 120). Field observations made dur-

ing the present investigation support Sturm's interpreta-

tion and also indicate that this unit caps the southwestern

end of Short Mountain. The Rockwell has a reported

thickness of 100 m (350 ft) in the test site vicinity (Lud[um,

1952), Because of their resistance to chemical weathering,
these strata are by, far the best exposed in the test site area.
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Table 12ol. Stratigraphic units exposed at the surface and penetrated in the subsurface,
Lost River test sitea

System Series Group/Formation b

Mississippian Lower Rockwell Formation (Poconoy

Hampshire Formation (Catskill) c

Upper Chemung Formation"

Brallier Formation (Portage)'

Devonian
Middle

Harrel/Shale (Genesee) ¢

Mahantango Formation (Hamilton) _
Marcellus Formation ¢

Onesquethaw

Group (HuntersviUe)

Onandaga Limestone
H untersviUe Chert

Needmore Shale ¢

Lower Oriskany Sandstone ¢

Helderberg Group

Upper Tonoloway Formation
Wills Creek Formation

Williamsport Formation

Silurian

McKenzie Formation

Rochester Shale
Middle

Keefer Sandstone
Rose Hill Formation

Lower Tuscarora Sandstone

Juniata Formation

Ordovician Upper Oswego Formation

Middle Martinsburg Formation

aFrom Cardwell, 1971, p. 1250.

blfdifferent, designation of Prouty, 1926, is shown in parentheses.

eUnits exposed at the surface; others reported in the subsurface.

2. Hampshire Formation. The most ubiquitous unit in

the test site area, this monotonous sequence of fine- to

coarse-grained red clastic rocks has a reported thickness of

over 1000 m (3500 ft) (Ludlum, 1952). These rocks exhibit

cross-bedding, mud cracks, and ripple marks. Although the

nonresistant Hampshire is usually mapped on the basis of

the red color of superjacent residual soils, resistant sand-

stone members locally crop out and form ridges in the cen-
tral test site area.

3. Chemung Formation. This clastic sequence is approx-

imately 1500 m (4700 ft) thick in the test site area. The

upper part of the Chemung is transitional with the Hamp-

shire and consists of interfingering green to brown marine

and red nonmarine beds. The middle section is a sequence

of buff to brown, fine- to medium-grained marine sand-

stones, The lower Chemung consists of two sandstone units

separated by a shale. The upper sandstone is red to green,

massive, and flaggy, and locally includes a basal conglom-

erate. The lower sandstone is typically massive and locally

conglomeratic. The intervening shale section is olive to

brown and includes thin siltstone and sandstone

intercalations.

4. Brallier Formation. The reported local thickness of

these strata is approximately 800 m (2500 ft) (Ludlum, 1952).

This sequence of light olive-gray to medium-gra) mica-

ceous shale includes minor siltstone and sandstone beds

which increase in number upwards.

5. Marcellus Formation. The reported thickness of this

monotonous sequence of dark-gray to black carbonaceous

shale exceeds 125 m (400 ft) (Ludlum, 1952). Calcareous

concretions which locally merge to form thin, lenticular beds
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occur irregularly in the Marcellus. The unit is gradational

with both the overlying Mahantango and underlying
Needmore. The incompetent nature of these strata is dem-

onstrated by the tendency of the Marcellus to tightly deform,
forming small-scale surface folds.

6. Oriskany Sandstone. In exposures on the east margin
of the test site, the massive, medium-grained, fossiliferous,
calcareous sandstones of this marine unit have a thickness

of 80 m (265 ft) (Ludlum, 1952). Minor quartz-pebble

conglomerate beds also occur in the Oriskany. The unit is

typically light gray to blue-gray on fresh surfaces and

weathers to reddish brown or dull orange. In outcrop, the

sandstone exhibits cross-bedding and well-developed con-

jugate jointing. Subsurface data from the Lost River gas

field demonstrate that the Oriskany is an extremely tight

reservoir sandstone having a primary porosity of 2.5 per-

cent and a permeability of less than 0. I md.

7. Silurian and Ordovician strata. The dominantly marine
carbonates, shales, sandstones, and cherts of the Silurian

and Ordovician Systems are not exposed in the test site,

but have been penetrated in the subsurface. These strata

are exposed in the northwestern portion of the Ridge and

Valley Province on the limbs and cores of large anticlines.

B. Structure

1. Introduction. The Lost River test site is in the Appala-

chian Mountain Belt. Since the pioneering investigations by

Hall and Dana in the 1800s, understanding fold mountain

belts elsewhere has largely been based on the Appalachian

model (see, for example, King, 1959, p. 41-66; Wyllie, 1971,

p. 211-217, 258, 366-372). A complete discussion of the

structural evolution of such an intensely studied region is

beyond the scope of the present investigation. Only those
aspects of Appalachian evolution considered directly perti-

nent to the test site study are discussed below. For a more

detailed discussion of the regional structural setting of the

Lost River gas field, refer to Cardwell (1971, 1974), Kulan-
der and Dean (1978), and Patchen (1969).

The Ridge and Valley structural subprovince is consid-

ered a type area for development of the so-called "thin-
skinned" tectonic style (Cook et al., 1979; Gwinn, 1964).

Thin skin refers to the major drcollement horizons that extend

through this region. In the test site vicinity, major d_colle-
ment horizons are in shale intervals of the Middle Cam-

brian, Middle Ordovician, and Middle to Upper Devonian
strata.

Important structures have recently been recognized in the

Ridge and Valley Province and are referred to as cross-strike

discontinuities (CSDs) by Wheeler (1980). CSDs are con-

sidered to be the surface expression of drcollement ramps

oriented transverse to the regional structural grain and, as

such, were also recognized by Kulander and Dean (1978)

and Sites (1978), The nature of CSDs is illustrated in Figure

12-3. Surface evidence of their presence is the alignment of

disruptions of the strike-paraUel pattern such as fold termi-

nations, zones of increased joint density, water and wind gaps,

and "long Landsat photofineaments" (Wheeler, 1980, p. 2175).

3. Test site. Early mapping of Hardy County by the West

Virginia Geological Survey (Prouty, 1926) clearly shows the

location of the Whip Cove Anticline east (Figure 12-1). The

location of the anticline was recognized by using field map-

ping techniques. The complexity of this structure, however,

was later revealed by seismic surveys by Columbia Gas dur-

ing the early 1960s (Plate 12-2) and subsurface well-log

interpretation (Figure 12-4).

2. Regional setting. The test site is in the east-central

Ridge and Valley structural subprovince of the Appalachian
Fold Belt, approximately 32 km (20 mi) east of the Alle-

gheny structural front and 65 km (40 mi) west of the crystal-
line Blue Ridge Anticlinorium (King, 1959, p. 43-54). This

part of the Appalachians is characterized by relatively short-

wavelength folding associated with thrusting from the

southeast. Structural strike is generally northeast, asymmet-

ric folds face northwest, and thrust faults dip southeast. These

features are principally the result of deformation associated

with the Permian Allegheny orogeny (King, 1959, p. 66).

Figure 12-3. Schematic block diagram Illuslratlng a physical intmpre-

ration for CSI)s. Note actual mmme of dhq)lacement on Ihe CSD shown
Is umasolved,
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Columbia Gas gathered single-fold, dynamite source,

analog-recorded seismic data along several cross-strike

profiles, totaling 50 km (30 mi). An interpretation of these
data (Plate 12-2) shows the structure on top of the Oris-

kany Sandstone. In this interpretation, the anticlinal reser-

voir is cut by NE-striking thrust faults. The absence of

strike-parallel seismic lines precluded the recognition of

transverse-strike faulting. Besides having general closure,

the anticline is composed of three faulted, domal highs.

The minimum depth of the Oriskany is approximately
1800 m (6000 It) below the surface (1300 m [4300 ft] below

sea level). West of the field, the Oriskany deepens; in the

Whip Cove Syncline, 5 km (3 mi) west of the gas field, the

Oriskany lies approximately 1800 m (6000 ft) below sea level.

Eight km (5 mi) east of the gas field, the Oriskany crops out

on the southwest limb of Hanging Rock Anticline. Between

the gas field and the Hanging Rock Anticline, the subsurface

structure is poorly defined. No wells have been drilled in

this area, and the seismic data are noisy and severely affected

by reflection migration due to the steeply dipping beds.

Figure 12-5 is a NW-SE cross section through the center

of the gas field. Formations above the Oriskany are not shown

in this seismic interpretation because no beds within them

provide continuous mappable reflections. The structure within
the Devonian shale sequence is unknown. The thicknesses
of Devonian formations shown on the cross section were
obtained from well data.

C. Development of the Lost River Gas Field

The Lost River gas field was discovered in 1962 by

Columbia Gas, based on seismic and surface geological data.

The driller's log, stratigraphy, and gas composition for the

discovery well 9058 are shown in Table 12-2, Figure 12-6,

and Table 12-3, respectively. Between 1962 and 1965, 12

more wells, 10 productive and 2 dry, were drilled during

field development (Table 12-4). The two dry holes were

drilled on the southeast limb of the anticline and may be

isolated from the gas reservoir by faulting (Plate 12-2 and
Figure 12-4).

Most of the wells were subjected to acid treatment. Ini-

tial open flow ranged from i.5 to 44 thousand cubic feet

(MCF) of gas per day. The average initial reservoir pres-

sure was 2200 psi. Today the reservoir pressure is approxi-

mately 900 psi. According to Cardwell (1974, p. 38), the

ultimate yield of the field is 13.8 BCF. The field is now

used for gas storage.
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Table12-2.Driller'slogfromwell9058"

Top, Bottom, Test Results
Stratigraphic Name _ ft ft

Chemung-Brallier 0 4,710

Harrel] Shale 4,710 5,010

Hamilton Shale 5,010 5,800

Marcellus Shale 5,800 6,630

Metabentonite 6,630

Needmore Shale 6,630 6,756

Oriskany Sand 6256 6,980

Helderberg Lime 6,980 7,550

Tonoloway-Wills Creek 7,550 8,645

Williamsport- Bloom burg 8,645 8,700

McKenzie Formation 8,700 8,890

Keefer Sand 8,890 8,930

Clinton Shale 8,930 9,350

Clinton Sand 9,350 9,580

Juniata Formation 9,580 10,247

Oswego Sand 10,247 10,400

Martinsburg Formation 10,400 10,584

Total depth 10,584

Water at 49 ft

Water at 115 ft

Water at 150 ft (50 barrels per day)

Gas show at 6,782-6.800 ft

Gas at 6,838-6,845 ft

24/I 0 Mercury

2-in. 762 MCF

Salt water at 8,930 It, filled up 1,200 ft in

75/8-in. hole, 48,000 ppm chloride

Hole plugged back from 10,584 to 6,887 fi

Bridge plug set at 6,894 fl with 7 ft ofcal seal

Oriskany perforated from

6,788-6,804 ft

6,836-6,860 ft

6,874-6,880 ft

four shots per ft

Original open flow- 24/10 Mercury,
2-in. 762 MCF

Acidized December 18, 1961 with 300 gal

MCA and 10,000 gal 15% HCI (6,000 gal

retarded and 4,000 gal regular) and

130 MCF nitrogen

Final open flow-4,555 MCF-

Oriskany 48 hours, 2,3 l0 psi

aElevation: 1,965.02 fl Gr., 1,976.05 ft RKB.

Contractor: Lohmann & Johnson.

has reported.

IV. Soils

Table 12-5 summarizes the characteristics of soils mapped
in the test site area by the Soil Conservation Service (1979),
The distribution of these soils is illustrated in Plate 12-3.

A review of these data reveals that, with the exception of

rare bedrock outcrops, all soils in the test site area are loams.
Most are acidic due to the area's humid climate and ade-

quate precipitation and have well-developed vegetation
cover. Most soils tend to be youthful due to their relatively

rapid downslope movement on the area's commonly steep
slopes (Sturm, 1977, p. 125). Except in drainage bottoms

Table 12-3. Typical gas composition at well 9058

Component Volume, %

Methane 98.04

Ethane 0.50

Propane 0.20

Isobutane 0.01

N. Butane 0.01

lsopentane 0.004

N. Pentane 0.01

Hexane 0.003

Nitrogen 1.21
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where soil thickness may exceed 2 m (60 in.), soils are typi-

cally less than 25 cm (10 in.) thick. Bedding slopes tend to

be steeper and, hence, have shallower soil accumulations

than dip slopes.

The residual nature of nonalluvial soils is demonstrated

by the red color of the most ubiquitous soil, 64, where it
overlies the red mudstones of the Hampshire Formation,
and its brown color, where it overlies the brown shales and

sandstones of the Chemung.

The prevailing westerly winds in the test site area (Sturm,

1977, p. 128) result in more variable temperatures and

enhanced mechanical weathering on west-facing slopes.

Stony soils, 42 and 43, therefore are more extensive on the

west-facing slopes, where large bedrock fragments are shed

from cliff-forming outcrops of resistant Rockwell (Pocono)
sandstones.

V. Surface Geochemistry

A. Rock/Soil Geochemistry

To identify any changes in surface geochemistry that

might be attributed to the vertical migration of natural gas
from the reservoir, Gulf Science and Technology Com-

pany conducted a limited inorganic geochemical survey of
the Lost River test site. This survey includes X-ray diffrac-

tion mineralogical analysis and atomic absorption elemen-

tal analysis of 30 Chemung rock samples and 86 soil samples.

!. Chemung mineralogy/elemental geochemistry. Thirty

rock samples were obtained from on-gas field and off-gas

field outcrops of the Chemung. These samples were ana-

lyzed by X-ray diffraction and atomic absorption. The results

of the atomic absorption analysis are summarized in

Appendix A, Tables A-1, A-2, and A-3.

The Chemung outcrops sampled were interbedded

sandstones and siltstones. The X-ray diffraction analyses

indicated that clay content ranged from 5 to 50 percent;

feldspar, typically less than 10 percent; and the remainder,

quartz. Pyrite and carbonate, if present, were below detec-

tion limits (3 percent for pyrite and 1 percent for carbonate).

Atomic absorption determination of bulk-rock concen-
trations for 11 elements exhibited a high positive correla-
tion with aluminum concentration and, hence, with clay

content. Sodium, manganese, copper, lead, and zinc con-

centrations exhibited poorer correlation with aluminum,

indicating that these elements are either associated with

the nonclay phase, or their concentrations are dependent
on clay type rather than on amount. No statistically signifi-

cant difference in elemental concentration was noted for

Chemung rock samples obtained from on-field versus off-
field locations.

2. Soil mineralog3'/elemental geochemistry. Sixteen soil

samples were obtained during a preliminary survey along
a traverse that crossed the Lost River gas field (Figure

12-7). Samples were collected at depths of 5 to 15 cm (2 to
6 in.) below the surface.

X-ray diffraction analysis revealed that the soils sampled
are primarily clay and quartz, with minor amounts of feld-

spar. Pyrite and carbonate, if present, were below detec-
tion limits.

Samples were subjected to both acid-reducing and oxi-

dizing leaching to remove both the nonclay and nonquartz
fractions. The results of atomic absorption elemental anal-

ysis of these leachates are summarized in Tables A-4 and
A-5. In the acid-reducing leachate samples, iron, alumi-

num, cobalt, and copper concentrations exhibit positive

correlation. These elements are probably present in the soils

as oxides. Samples with highest concentrations of these
elements were obtained from soils that overlie the red

Hampshire Formation and probably reflect parent-rock

chemistry. The concentrations of calcium, magnesium, and

especially manganese in soils appear independent of the

underlying bedrock formations. These elements are proba-

bly present in the soil in the form of trace amounts of car-

bonate. Highest concentrations for these elements are

generally restricted to samples collected over the Lost River

gas field. To further evaluate this apparent over-the-field

geochemical anomaly, further sampling and atomic

absorption analyses for manganese were conducted.

3. Soil manganese geochemistry. The concept that man-

ganese is mobile in acid-reducing subsurface waters (trans-
ported in solution from a hydrocarbon reservoir?) and
immobile in neutral or alkaline surface waters (precipi-

tated in soils overlying a reservoir?) is consistent with Dal-

ziel and Donovan's (1980) recognition of anomalously high

soil manganese concentrations over oil fields. The approach
of reduced waters to the surface in the Lost River test site

is suggested by the presence of hydrogen sulfide-rich springs

at Lost River State Park (Ludlum, 1952, p. 18 20)The

presence of insoluble manganese oxide coatings on stream

pebbles and boulders in the test site and elsewhere in the

Appalachians (Carpenter and Hays, 1978) indicate_ that
manganese does not travel far in Appalachian surface
waters.

Seventy soil samples were collected, treated with an acid-

reducing leach, and the leachates analyzed by atomic
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Figure 12-7. Map showing sample sites for preliminary soil mineralogy/elemental geochemistry survey

absorption to determine manganese concentration. Analyt-

ical results are tabulated in Table A-6 and are shown

graphically' in Figure 12-8.

4. Conclusions. Enhanced concentrations of soil man-

ganese were discovered in the vicinity of the Lost River gas

field. However, further sampling is required to establish

the areal extent of this apparent manganese "anomaly."

Geochemical analysis of the rocks from which the soils were

derived is also needed in order to determine the source of

the manganese found in the soils.

B. Soil Bacteria

Davis (1967) has demonstrated that ethane-oxidizing

bacteria thrive in soils where natural gas seepage occurs.

The Mobil Oil Corporation has developed an exploration

method based upon the identification of soils rich in ethane-

oxidizing bacteria. Since the Oriskany reservoir is faulted

and fractured in the Lost River gas field, natural gas seep-

age may occur in the vicinity of the field. In an attempt to

identil_,.' potential gas seeps in the Lost River test site, Mobil

conducted a reconnaissance soil microbiological study'.

On May 14 and 15. 1979. 52 soil samples were collected

in the area for bacteriological analysis. The samples were

taken at a depth of 25 to 30 cm (10 to 12 in.) below the

level of grass roots and major organic matter accumula-

lion, Samples were collected at intervals of apprQximately

0.3 km (0.2 mi) along two traverses crossing the lield (Fig-

ure 12-9). To avoid contamination, sampling sites were away

from roads.
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Bacteriological analysis of the samples for both methane-

and ethane-oxidizing bacteria was begun on May' 18, 1979.

Each soil sample was dried and homogenized, and a 0.[-g

aliquot was sprinkled as evenly as possible on the sur-

face of a mineral salts agar medium in a petri dish. Three

52-sample sets were prepared in this manner. Each set was

incubated in a desiccator at 28 ° C: one in an atmosphere

of 40 percent methane in air: one in 40 percent ethane in

air: and one in air only. Each petri dish was examined for

bacterial colonies alter 7 days, 14 days, and finally after 28

days of incubation.

Except for a few bacterial colonies in the methane- and

air-incubated sample 34W, negligible bacterial growth was

observed at 7 days and 14 days. After 28 days, 10 methane-

incubated samples showed bacterial colonies. The num-

bers of bacterial colonies observed for these l0 samples are

listed in Table 12-6. No significant bacterial growth was

observed in the ethane-incubated samples.

Five of the 10 samples with methane-oxidizing bacterial

colonies were collected near a gas well (24W, 34W and

47W) or near a pipeline (25P and 29P). The other five sam-

ples with methane-oxidizing bacterial colonies (38, 40, 43,

44, and 46) were collected in a small area characterized

by an especially organic-rich soil under heavy grass growth

(a likely source of biogenic methane).

Based on prior experience, only two soil samples had

sufficiently high methane-oxidizing bacterial counts to be

12-14



QUATERNARY ALLUVIUM

POCONO (ROCKWELL)

HAMPSHIRE (CATSKILL)

CHEMUNG

BRALLIER

HARRELL

MAHANTANGO/MARCELLUS

ORISKANY

SAMPLING SITE

APPROXIMATE PRODUCTIVE

AREA, LOST RIVER GAS FIELD

52

Qal

Mpo

Dhm

Dch

Db

Dhr

Dm/Dmr

Do

08

lkm

__1

lrni

I

48

N

t

ELMICK ROCK•/

/

/

Dhm /

Dhm
I

po l /

,.j_ I /

,,.// i I
I

! I

/I I I

/I ii 4

/

46

/
/

/

/

i 134W
!

I
13C

Figure 12-9. Map showing sample siles for soil microbiology survey

33

Dch i I
I

37

/
/

l
l

/
/

Dhm /
/

/
/

/ Och
/

/
/ /

/ /
/ /

/
/

/

/

i I
I

I LOST

RIVER

l

I

l
I

1

1

I

1

1

1

I

l
1

1

/

/

/
I

considered indicative of gas seepage: sample 34W, col-

lected near a gas well (942 colonies), and sample 25P, col-

lected near a gas pipeline ( 167 colonies). Their high bacterial

counts were interpreted to be the result of contamination

due to gas field operations and not due to natural gas

seepage.

The complete absence of any ethane-oxidizing bacteria

colonies in the 52 samples studied might suggest that natu-

ral gas seepage is not occurring over the Lost River gas

field (Davis, 1967). However, since ethane concentration in

the Lost River reservoir is extremely low (Table 12-3), it is

unlikely that gas seeping from such a reservoir would carry

sufficient ethane to support extensive colonies of ethane-

oxidizing bacteria in soils overlying the gas field. More

detailed bacteriological sampling was not recommended in

the test site area unless other methods demonstrate natural

gas seepage and confirmation by the soil microbe tech-

nique is desired.

Vl. Field and Laboratory Vegetation Studies

A. Introduction

Because the Lost River test site is heavily forested, con-

siderable efl'ort was devoted to developing an understand-

ing of the plants occurring in the area. If methane

microseepage may be expressed by anomalous distribu-

tions of species and/or communities, the normal distribu-
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Table 12-6. Methane-oxidizing bacterial colonies in soil samples
from the Lost River test site

Sample N umber of Bacterial Colonies a

N umber Methane Air Control Ethane

24W 17 0 0

25P 167 0 0

29P 10 0 0

34W 942 0 0

38 6 0 0

40 7 0 0

43 12 0 0

44 8 0 0

46 17 0 0

47W 3 0 0

_Only 10 of 52 soil samples showed hydrocarbon oxidizing bacteria; i.e., the

other 42 samples had no significant colonies.

tion patterns must be determined before such anomalous
patterns can be recognized.

Field vegetation studies were conducted on the follow-

ing dates: May 16-19, August 5-9, and October 20-23,

1979; June 10-12, July 6-31, and October 15-19, 1981. The

1979 studies were aimed at identifying plants occurring in

the area, determining normal distribution patterns, and

establishing training areas for supervised vegetation classi-

fications using muitispectral remote sensing data. The results
of these studies are summarized below. The 1981 studies

were aimed primarily at evaluating the accuracy of super-

vised image classifications. These results are summarized

in the discussion of image analysis (Paragraph VIII). The

botanical nomenclature of Strausbaugh and Core (1978)

was adopted for the botanical studies.

B. Lichens

Lichens are a symbiotic association between a fungus

and an alga. Studies on the growth and distribution of
lichens, as influenced by environmental factors, have dem-

onstrated the so-called "city effect," in which both vigor

and distribution of lichen populations are adversely affected

by atmospheric pollutants (Hale, 1974). The city effect on

Long Island, N.Y., has been traced as much as 65 km (40

mi) eastward on the island from the center of Brooklyn.

Although temperature and humidity are important fac-
tors affecting the vigor and density and/or distribution of

lichen populations, specific atmospheric pollutants (carbon

monoxide and sulfur dioxide) also have an effect on lichen

growth (Ahmadjian, 1967; Hale, 1974). Sensitivity of lichens

to environmental factors suggests that this group of plants

may be affected by the presence of hydrocarbons (or gases

associated with them) in the soil and/or atmosphere over

gas and oil fields. Accordingly, as part of the initial field

vegetation assessment, the density and vigor of lichen pop-
ulations at the Lost River site were evaluated.

The method adopted for the lichen distribution study

was visual estimation of the lichen cover on soil, rocks, and

tree trunks on randomly selected plots both on and off the

gas field. An attempt was made to keep factors such as ele-

vation, exposure, slope, and habitat as comparable as pos-

sible among plots. The percent cover was estimated and,

where possible, the genus and/or species was identified.

Table 12-7 includes a list of lichen species identified.

The results of this preliminary survey indicate that no

significant variation exists among plots sampled relative to

position on- or off-field. Features such as population den-
sity, relative diversity, and state of health are rather con-

stant at all sites. It is interesting to note that the greatest

Table 12-7. List of lichens and mosses Identified

in the Lost River area a

Common Name Species

Crutose lichens Caloplaca sp.

Leeanora sp.

Lecidea sp.

Foliose lichens Cetraria oakesiana

Parmelia caperata

P. curnberlindia

P. flaventior
P. rudecta

P. stuppea

P. subrudecta

Peltigera canina

Physia halei

Phvsicia pulverulenta
P. sleHaris

P. tenella

Sticla wetgelii

Umbilicaria spp.

Fruticose lichens Cladoniafurcata

C. squamosa

C. unicialis

Mosses A trichum sp.

Dicranum scoparium

Hvpnum sp.

Leucobr_,um albidum

L. glaucum

Polvtricum commune
P. strictum

_ldentification by C. W. Klingensmith.
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species diversity was seen at Lee Sulfur Spring (at this site,

mineralized groundwater rich in sulfur occurs at the sur-
face) in the Lost River State Park.

In summary, based on limited sampling, factors such as

exposure to light, humidity, spore sources, wind, and sub-

strate availability are as important in the observed lichen
distribution as are the levels of possible atmospheric and

soil pollutants that exist in the Lost River area.

C. Mycorrhizal Fungi

1. Introduction. Mycorrhizal fungi are the fungal compo-

nent of a symbiotic association between the roots of a higher

plant and a fungus. Soil factors affecting the vigor and/or
distribution of mycorrhizal fungi have a pronounced influ-

ence on the vigor and/or distribution of the host. The fun-

gal component of the symbiosis provides an absorbing surface

(in place of root hairs) through which available water is

absorbed by the host. The fungus also produces organic acids
that are involved in the chemical weathering of soil particles

(Henderson and Duff, 1963). Availability to the host of

essential nutrients such as phosphorus is directly related to

the availability and state of health of the host's symbiotic

fungus (Raven et al., 1976). These fungi are so essential to

forest trees that they should be considered an indispensable

part of the host's functional root system (Hacskaylo, 1972).
As will be noted in the discussion of Cenococcum grani-

forme, some fungi are less efficient than others in providing
their hosts with an adequate amount of water and essential
nutrients.

Based on the assumption that fungi may be influenced by

high soil hydrocarbon levels, a study of the fungal compo-
nents of oak mycorrhizae was undertaken at the test site.
Because most of the broadleaved canopy cover occurring at

Lost River consists of species of oak, it was felt that any fac-

tor influencing the fungal component of an oak's root asso-

ciation would likely have a detectable influence on the overall
condition of the forest canopy. Because the fungal compo-

nent of the mycorrhizae is in direct contact with the soil,

hydrocarbon seepage could be expected to have an effect
which might be detected in remotely sensed data.

2. In vivo study. Root collections (for the purpose of study-

ing the mycorrhizal association in selected oak species) were
made at seven sites (four on and three off the gas field-Table

12-8). Roots from five first-year seedlings of Chestnut Oak

(Querc_s" prinus) were collected per site. The youngest root tips
were studied in the field after soil had been removed by rins-

ing in water, and only healthy mycorrhizal "clubroots" and
associated lateral roots (Figure 12-10) were removed and pre-

served (placed immediately in the killing and fixing preserva-

tive FFA-5% Formalin, 5% acetic acid, and 90% EtOH [70%

aqueous solution]). Preserved specimens were then dehy-
drated, embedded in paraffin, and sectioned on a rotary

microtome. Microscopic thin sections were then studied in an

attempt to detect any variation in the amounts and/or kinds

(genera or species) of fungi present and the state of health of
host root tissue. Results are summarized in Table 12-8.

A total of 21 specimens of root associations were studied.

In 15 specimens, at least two different fungi occur, forming

ectotrophic associations (the fungal filaments or hyphae

simply growing between the host root's cortical parenchyma
cells, rather than into them via haustoria). In the remaining

specimens a single type of fungus is seen, again in an ecto-

trophic association with the host root tissue. One kind of

fungus is common to all specimens and has been tentatively

identified as Cenococcum graniforme; the other fungi remain

unidentified. All fungi studied possess septate hyphae

(filaments).

Cenococcum graniforme, a common widespread mycor-

rhiza-forming fungus in tree species (Mikola, 1970), is known
to occur in oaks (Trappe and Quinard, 1966) and is fre-

quently present in heavily shaded forests with nutrient-poor

soils that typically offer poor conditions for the development
of other fungal species (Kay, 1975). These conditions (heav-

ily shaded, nutrient-poor soils) describe those found at Lost
River. C. graniforme is described in the literature (Dominik,

1959) as a "black form" of an ectotrophic mycorrhizal-

forming fungus because of its characteristic darkly pig-

mented septate hyphae. Based on the anatomical char-

acteristics of the hyphae, the single fungus occurring
in all oak roots from the Lost River site appears to be

C. graniforme.

The occurrence of a single mycorrhizal fungus in some

of the root tissue, in particular the relatively vigorous and

competitive Cenococcum graniforme, may be significant.

According to Marks and Foster (1967) and Robinson (1971),
the occurrence of C. graniforme in a host, to the exclusion of

other fungal species, suggests adverse soil conditions (enabling

the more competitive fungus to survive at the expense of
others). In addition, these authors indicate that in this con-

dition (C. graniforme only), the host of such a mycorrhizal

association may be adversely affected because C. graniforme

is apparently less efficient as a symbiont than other species

of mycorrhizal fungi.

Of the six oak specimens containing the single species

(Cenococcum graniforme), five were collected from on-field

sites (four specimens from Site C, one specimen from Site 1 ;

Figure 12-11). The single off-field specimen came from Site
B in Lost River State Park.
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Specimen
Number

1

2

3

4

5

6

7

15

16
17

18

8

9

10

I1

12

13

14

19

20

21

Table 12-8. Mycorrhlzal data from the Lost River test site

On-Field
Host

Site or
Tissue

Off-Field

Fungi

Cenococcum Soil
Other

graniforme Color

A-State Park

B- State Park

E- Road to Mathias

C-Camp Branch Road

D Road to Helmick Rock

F Road to Gas Well

l - Crider's Woods

Off Living • • Red

Living • • Red

Living • • Red

Off Living • • Brown

Living • Brown

Living • • Brown

Living • • Brown

Off Living • • Red

Living • • Red

Living • • Red

Living • • Red

On Dead • Red

Dead • Red

Dead • Red

Living • Red

On Living • • Brown
Living • • Brown

Living • • Brown

On Living • • Brown

Living • • Brown

On Dead • Red

• :, O Q

SOIL C?a° .° o _LAII '_fc_ ..
ERAL ROOT

o

TAPROOT_ _
'Y CLUBROOTS

(MYCORRHIZAL FUNGUS
AND HOSTTISSUE)

_t_re 12-10. II_'amnWli© N_r_t_tlon _ fl_to_ar _11_ of
Chestnut Oak (Ouercus panus) showing the relative poeltions of the
taproot, lateral roots, and clubroots (site of mycorrhlzal fungal

symbloeis)

All roots containing the fungi are typical clubroots associ-

ated with ectotrophic mycorrhizal associations. All of those

collected off the field possess living clubroots with healthy fungi

(as seen under the microscope). Of those specimens collected

on the rid& four possess hollow, necrotic (dead) clubroots con-

sisting of little more than a central vascular strand surrounded

by a persistent epidermal layer. The absence of cortical tissue

gives these clubroots an inflated appearance. Three of these

specimens were collected at the same site (Site C, Figure

12-11 ) in soils overlying Hampshire shales along Camp Branch

Road, on an east-facing slope. The fourth was collected in the

same soil type. An adequate explanation for these necrotic

clubroots is not available because microtechnical problems

associated with sectioning these roots made it impossible to

determine if destruction of the cortical tissue was indeed due

to the presence of fungus. The circumstantial evidence is in

favor of this view, however, since all four specimens pos-

sessed only Cenococcum graniforme, known to be an

aggressive fungus. Such a condition (destruction of living

host cortical tissue) would certainly have an adverse influ-

ence on the host trees. Remember that the observations of

the in vivo mycorrhizal roots in this report were made of

young seedlings (first- or second-year seedlings) and not of

mature trees.

Based on a limited study of mycorrhizae associated with
young seedlings of Quercus prinus (Chestnut Oak), a slightly
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Figure 12-11. Topographic data for area over the center of the gas field. Note collection sites (Sites C, F, and 1) for mycorrhlzal root study.

The pipeline (NNE-trendlng dashed line) lies roughly over the crest of the Whip Cove Anticline (based after USGS Needmore and Lost City

7.5-mln Quadrangle).
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greater diversity of fungal species occurs off-field when

compared with on-field specimens. The dominance of the

aggressive fungus species Cenococcum graniforme, possibly
to the detriment of host tissue, is associated with on-field

sites. Such an occurrence suggests that the soil conditions at
certain on-field sites (Sites C and 1) are more adverse to

mycorrhizal development than those typically found at the
off-field sites studied.

3. In vitro study. Since Chestnut Oak is a common mem-

ber of the forest community at Lost River and study of seed-

lings from the test site indicates that Chestnut Oak forms a

mycorrhizal association with at least two species of fungi, it

was of interest to determine what effect, if any, methane had on

this host fungus relationship.

An experimental study of effects of methane on oak seed-

lings and/or mycorrhizae grown in vitro was conducted.

Beginning early in March 1980, acorns of Chestnut Oak
(Quercus prinus) were germinated and the seedlings grown

in pots under two different experimental conditions. In one

set, air from a laboratory air jet was introduced into the bot-

tom of the pots (Figure 12-12). Rate of air flow was estab-

lished by a simple "bubble count" method. The plants

exposed to air were considered the control (measuring the

drying effect of the air moving through the soil on the root

systems). Five seedlings were exposed to these conditions.

In a second set of plants, methane (commercial natural gas)
from a laboratory gas jet was introduced into the soil, again

using the same "bubble count" method of flow rate control.
Four seedlings were grown under these experimental condi-

tions. A flow rate of approximately 10 bubbles per minute

was maintained in both groups.

Both the control group and the experimental group were
illuminated with a combination of fluorescent and incandes-

cent light sources (to insure maximum growth by proper

spectral balance in the illumination source). In all cases, the

seedlings were from acorns of Chestnut Oak collected at the

Lost River test site, grown in soil taken from the test site
(both were collected during the October 1979 field trip to

the area). The seedlings were watered daily and fertilized

twice a week with a dilute solution of Rapidgro TM commer-

cial plant food.

In May, when the seedlings were approximately six weeks

old, true color (TC) and false-color infrared (CIR) photo-

graphs were taken of each plant as well as of individ-

ual leaves from each specimen. Continuous growth rate

records (including height, rate of internode elongation, and

number and size of leaves) were maintained throughout the

experiment. Roots were collected for study of mycorrhizae.

Plants from the set exposed to methane demonstrated an

increased vigor and growth rate when compared with the

control plants. This observation, based on growth rate data,

is reinforced by the CIR photographs taken. Plants exposed

to methane had leaves appearing a darker red in the CIR
photographs (indicative of a more vigorous and healthy green

as seen in true color). Unfortunately, the population size of

both sets of plants was too small to produce statistically sig-
nificant results.

Root samples from both control and experimental seed-

lings were studied to determine the condition of the mycor-

rhizae in each. The control roots showed only limited

development of mycorrhizal associations in two of the three

root sets collected (possibly due to the drying effect of the

air moving through the soil). The third control root showed

no fungal development. Only a single species of fungus

(Cenococcum graniforme) was identified in the two roots
possessing the association.

The three root sets from the experimental plants showed

more extensive development of mycorrhizae (as indicated by

the extent of fungal hyphae development in association with
the clubroots). In addition, one of the root sets contained

two different species of fungi. The fungus common to all

five roots containing fungi (both control and experimental

plants) was Cenococcum graniforme (the other fungus appears
to be the same as that seen in field specimens).

These data suggest that low levels of methane in the soil

are not inhibitory to fungal growth and/or mycorrhizal for-

mation. Methane may, in fact, have a stimulatory effect on

the fungal component of a mycorrhizal association. The

increased vigor of the fungus could result in an increased

vigor of the host, especially since no evidence of inflated

hollow roots was seen in any of the root systems. Of those

four seedlings exposed to methane, one died within two weeks

of germination (none of the control plants died). Unfortu-
nately, no root samples were collected from the dead seed-

ling. It is tempting to speculate that the methane may have

stimulated the growth of the fungus to the point of causing
destruction of the host root tissue, which in turn, caused the

death of the seedling.

4. Conclusions. The in vivo study of mycorrhizae from

both on-field and off-field sites suggests that differences in

fungal diversity and fungal vigor exist in the Lost River test
site. Such differences may influence both the distribution and

vigor of host plants occurring in the area. In vitro data indi-
cate that small amounts of methane in soil will neither inhibit

the growth of Chestnut Oak seedlings nor inhibit formation

of mycorrhizal associations between the oak root and fun-

gus. Considerably more information is required before broad
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Figure12-12.Diagrammaticrepresentationof the in vitroexpedmentaldesign for exposingrootsof ChestnutOak seedlingsto migratingsoil
gases (either methaneor ambientair)

conclusions can be drawn from these observations. Thus,

there is need for detailed study of the mycorrhizae occurring
at the Lost River test site.

D. Higher (Vascular) Plants

Detailed vegetation analyses of forested areas were con-

ducted using the modified 0.1-acre circular plot method

(Appendix B) as suggested by Lindsey et al. (1958). This
method has been shown to be an efficient and accurate

means of describing woody habitats (James and Shugart,

1970) and an accurate way of determining woody plant

dominance, as expressed by basal area, for the site sam-

pled (Kulow, 1965). In addition to being quick and accu-
rate, this method allows for collection of data that can be

compiled into a reasonably complete woody flora (Table
12-9) as well as determination of precise percent vegeta-

tion cover. The size of the sample plot is significant (Figure

12-13). A 0.1-acre circle (11.3-m/37-ft radius) is a close

approximation of a single 15-m pixel (the average instan-
taneous field of view [IFOV] of aircraft multispectral data

acquired for the test site).

August 1979 fieldwork provided detailed vegetation

analyses (0. I-acre circular plots at 36 analysis sites), both
on-field and off-field, at four field vegetation mapping areas

(Plate 12-1 and Figures 12-14 through 12-17) considered

typical for topography and vegetation. Field data were

compared with the work of Sturm (1977) at the Lost River
State Park. This field period was also used to look for areas

exhibiting abnormal stress symptoms which might be

expressed during periods of potential drought (late sum-

mer). As a result of these field vegetation analyses, general

vegetation distribution patterns were established.

October 1979 fieldwork provided photographic ground
standards (both TC and CIR) for identification of species

and species associations on aerial CIR photographs.
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Table 12.9. Partial flora of the Lost River test site

(a) Woody angiosperms and gymnospecms

Frequency of
Species a Common Name Occurrence b

Acer rubrum Red Maple S

A. pennsylvanicum Striped Maple S

A. saccharum Sugar Maple S

Amelanchier arborea Service Berry S
Betula lenta Sweet or Black Birch S

Carpinus caroliniana American Hornbeam S

Ca_a glabra Pignut Hickory C

C. tomentosa Mockernut Hickory S
Castanea dentata American Chestnut S

Cercis canadensis Red Bud S

Cornusflorida Flowering Dogwood C
CrataegTz_ sp. Hawthorn S

Fagus grandifolia American Beech S

Gavlussacia baccata Huckleberry C
Hamamelis virginiana Witch Hazel S

Juglans cinerea Butternut R

.L nigra Black Walnut R

Juniperus virginiana Red Cedar R

Kalmia latifolia Mountain Laurel C

Liquidambar styraciflua Sweet Gum S

Liriodendron tulipifera Tulip Poplar S
Magnolia acuminata Cucumber tree S

N),ssa svlvatica Black Gum C

Ostrya virginiana Hop Hornbeam S
Pinus echinata Shortleaf Pine C

P. pungens Table Mountain Pine C

P. rigida Pitch Pine C
P. strobus White Pine S

P. virginiana Virginia Pine C
Platanus occidentialis Sycamore S

Populus tremuloides Aspen S

Prunus serotina Black Cherry S
Quercus alba White Oak C

Q coccinea Scarlet Oak C

Q. ilicifolia Scrub Oak C

Q. marilandica Black Jack Oak R

Q palustris Pin Oak C
Q. prinus Chestnut Oak C

Q. rubra Red Oak S

Q. stellata Post Oak S

Q. velutina Black Oak S
Rhododendron maximum Rhododendron S

Rhus copallina Winged Sumac R

R. toxicodendron Poison Ivy S

R. typhina Staghom Sumac R

Robinia pseudoacacia Black Locust S

Sambucus canadensis Elderberry S

Sassafras albidum Sassa fras C
Tilia americana Basswood S

T_uga canadensis Hemlock C

Vaccinium spp. Blueberry C

Viburnum acerifolium Maple-Leaf Arrow Wood R

"Nomenclature follows that used in Strausbaugh and Core (1978).

hC -common, occurring at most sites of similar topography and habitat
S scattered in occurrence

R- rare
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(b) Vascular cryptograms

Common Name Species

Club mosses Lycopodium clavatum
L. lucidulum

L. obscurum

L. tristachfum

Ferns Adiant um pedatum

Asplenium platyneuron
A. resiliens

Dryopteris marginalis

D. spinulosa
Osmunda cinnomomea

O. clavtoniana

Polypodium virginianum

Polystichum acrostichoides

Pteridium aguilinum

Thelypteris noveboracensis

Horsetails Equisetum arvense

E. hyemale

E. sylvaticum

A comparison of September and October aerial CIR

photography indicated that the greatest discrimination

among species of woody vegetation occurring at the Lost

River site is possible with October photographs acquired at

the peak of fall foliage display. The technique of compar-

ing aerial CIR photographs with TC and CIR ground pho-

tographs of species and species associations was useful for

field mapping species/species communities.

In TC photographs, Chestnut Oaks appear gray-brown

(brown on the upper leaf surface, gray-brown on the lower

leaf surface), while in CIR they appear dark green. In the

early fall (mid-September), the Chestnut Oak leaves begin

to curl (note Figure 12-18), possibly due to their occur-

rence at potentially xeric (dry) sites (generally ridge tops

and west-facing slopes), and thus appear fine-textured when

seen from a distance (Figure 12-19). This combination

of characteristics (dark green in CIR and fine textural

appearance when compared with other broadleaf woody

vegetation) allows the interpreter to locate stands of Chest-

nut Oak (on the aerial CIR) along ridge tops and west-

facing slopes over much of the field.

Using the same techniques, the Red Oak-Scarlet/Pin Oak

complex, the other oaks (White Oaks, Black Oaks and mixes

of these with Chestnut and Scarlet-Pin Oaks), maples,

hickory, and birch (all having a similar CIR signature) and

evergreens (several species of pines plus Hemlock) can be

recognized on the aerial photography. Preliminary field

vegetation maps for four areas (Figures 12-14 through

12-17) were prepared using these vegetation discrimination



0.I ACRE CIRCLE PLOT

SAMPLE

Figure 12-13. Comparison of a 0.1-acre circular sample plot and a

15-m plxel (the average IFOV of aircraft multlspecb'al data acquired al

the test site). The diagram shows four sample plots arranged on the

100-# (30.S-m) grid used for field vegototlon analysis.

techniques assisted by laboratory examination of CIR aer-

ial photographs with a stereo zoom transfer scope.

As a result of the Lost River field botanical studies, the

major broadleaf, deciduous, needle-leaf evergreen and

broadleaf evergreen vegetation types have been docu-

mented in terms of their repeated association with specific

topographic and/or physiographic features characterizing
the test site. When compared with the various types of for-

est cover occurring in West Virginia (Core, 1966), the woody

vegetation found at the test site represents a typical oak-

hickory-pine forest, characteristic of the Ridge and Valley

Province of the state. The preliminary field vegetation maps

(Figures 12-14 through 12-17) were compared with Sturm's

(1977) map for the Lost River State Park and were found

to agree with his vegetation assessment of the area.

Fully 90 percent of the broadleaf trees of the forest can-

opy are a type of oak (Table 12-9) with various species
associated with local topography. At lower elevation (to

approximately 2400 ft) Chestnut Oaks predominate along
the tops of ridges and west-facing slopes, with Red Oaks

and Scarlet/Pin Oaks more common along the bottoms of

ravines (scattered Scarlet/Pin Oaks may also occur in stands

of Chestnut Oaks on slopes and ridges). White Oak and
Black Oak, not as common, occur scattered throughout

ravines, slopes (primarily east-facing), and ridges. The

remaining hardwoods in the area consist of maples (Acer),

hickory (Car),a), Tulip Poplars (Liriodendron), Black Gum

(Nvssa), birch (Betula), Sassafras (Sassafras), and others.

The Red Maples and Tulip Poplars generally occur at the

bottoms of ravines and at the base of water gaps, while the

hickory, Sweet Gum, Sugar Maples, birch, and Sassafras

are scattered at the higher elevations. The understory in

the hardwood forest is generally broadleaf evergreen such

as Laurel (Kalmia and Rhododendron) along with Dog-

wood (Cornus), Sweet Gum (Liquidambar), Red Maple,

Black Gum, and Sassafras. Woody ground cover (shrubs)

consists of a number of species of blueberries (Vaccinium),

huckleberries (Gavlussacia baccata), and Scrub Oak (Quer-

cus ilicifolia).

Pines (Pinus) occur where sandstone and shale bedrock

are exposed, the pines thriving largely due to lack of com-

petition from broadleaf trees in such xeric, shallow soil
conditions. The common pines at this type of site are the

Table Mountain Pine, the Long Needle Pine, and the Pitch

Pine. These pines occur primarily on eroded slopes of water

gaps and in eroded areas associated with the ridges and

ravines. Pitch Pine and Virginia Pine are also common in

mixed (pine-hardwood) scrub growth associated with old

abandoned fields and recently timbered areas. Hemlock

(Tsuga) occurs along valley floors and is always associated

with stream banks. In the limestone ridges to the east of

the gas field, Red Cedar (Juniperus) commonly grows in

old pasture sites.

At the higher elevations (generally above 2400 ft along

Big Ridge and South Branch Mountain) both Sugar Maple

and birch (Betula lenta) become more common, to the point

of dominance at many sites. Sugar Maple occurs most

commonly on east-facing slopes, while birch grows selec-

tively on the south-facing slopes of E-W-oriented ravines

(especially along the west-facing slope of South Branch
Mountain). This is somewhat surprising since birch appar-

ently out-competes the pines at these sites, occurring at the

most xeric sites (exposed bedrock and loose talus on south-

facing slopes).

VII. MulUspectral Image Analysis and

Interpretation

A. Introduction

Muitispectral remote sensing data acquired during the

test site investigations included Landsat Multispectral
Scanner (MSS) four-band data and aircraft NS-001 The-

matic Mapper Simulator eight-band and Bendix Modular

Multispectral Scanner (M2S) i I-band data. Additionally,

color photography was acquired during aircraft overflights.
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Figure 12-14. Prellmlna,y field vegetation map 1--an area within the boundary of Lost River State Park (note location on Plate 12-1).

This map was produced for comparison wib_ a similar product which depicted vegetation of the Stale Park (Stun., 1977).
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Figure 12-16. Preliminary field vegetation map 3--an area over the central portion of the gas field (note location on Plate 12-1)

All aircraft data were acquired by Johnson Space Center
(JSC). The acquisition dates and selected characteristics of
these data are summarized in Tables 12-10 and 12-11. For

a more complete discussion of sensor characteristics, refer
to the Technical Appendix, Section 14, Flight-line loca-
tions and areal coverage for aircraft-acquired data are
illustrated in Figure 12-20.

Preliminary processing of all aircraft-acquired multi-
spectral data was carried out by JPL's Image Processing
Laboratory (IPL). A complete list and description of IPL
programs used in processing these data are included in the
Technical Appendix, Section 14.

Further multispectral data processing for interpretation
was carried out by both 1PL and the Gulf Science and

Technology Company, Pittsburgh. Analysis and interpre-
tation of the data were performed by all test site team
members in common sessions or independently. Because
of resource constraints of personnel, time, and image-
processing facilities, all multispectral data sets were not
equally evaluated. Data that upon initial examinatior
demonstrated the greatest utility were given the greatesl
analytical attention.

NS-001 data acquired on Mission 431, line 1 (Tabl_
12-10, Figure 12-20, and Plate 12-1) were evaluated in th,
greatest detail. All aircraft data were interpreted at a seal
of 1:48,000; Landsat MSS data at a scale of 1:500,000 c
1:200,000.

The principal purpose of image analysis was to evalual
the utility of multispectral data for geologic mapping a_
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hydrocarbon exploration in terrain dominated by vegeta-

tion cover. The approach used in the analysis of the mul-

tispectral data is reflected in the following discussions, which

include the spectral characteristics of cover types, spectral

analysis of NS-001 data, supervised classification of

NS-001 data for vegetation mapping, photogeologic interpre-

tation of aircraft multispectral data, and Landsat MSS/NS-001

lineament density analysis,

B. NS-001 Image Analysis for Vegetation
Discrimination

1. General spectral characteristics of vigorous vegeta-

tion. Indigenous and cultivated vegetation dominate the Lost

River test site. Data acquired by the NS-001 multispectral

scanner are essentially a response to this vegetation, locally

modified by topographic and illumination-aspect effects.

Figure 12-21 includes examples of field spectra acquired

with JPL's Portable Field Reflectance Spectrometer (PFRS)

for major vegetation types occurring in the test site and
shows the locations of the seven NS-001 bands in the visi-

ble and near infrared (VNIR). Five of these band locations

(!, 2, 3, 4, and 6) were selected specifically for the identifi-

cation of vegetation species, vigor, and density (Hovis et

al., 1975, p. G-7). The significant spectral features for vege-
tation which occur in the seven VNIR bands of the NS-001

are briefly described below. The observations are summa-

rized from discussions by Hovis et al. (1975), Salomonson

et al. (1980), and Wiersma and Landgrebe (1980), and the

analysis of laboratory and PFRS field spectra obtained by
JPL.

Band 1 (0.45-0.52 ,ttm). Centered at approximately
0.49 _tm, this band includes the visible blue; contains
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(a) (bY

Figure 12-18. TC and CIR ground photography (taken October 20-23, 1979): (a) Chestnut Oak leaves, TC. Note the curling typical of this
species of oak in the fall; (b) Chestnut Oak leaves, CIR. Note the very subtle color difference (slightly greener) when compared with fhe TC
photography. More colorful species (Red Oak, Sugar Maple, Red Maple, etc.) demonstrate greater differences (in TC and CIR) when com-

pared with the muted colors of most of the oaks.

absorption features due to chlorophyll and carotenoid

concentrations useful for deciduous/coniferous differen-

"tiation.

Band 2 (0.52-0.60 #m). Centered Lit approximately

0.56 p,m, this band includes the visible green: contains a

reflectance peak due to chlorophyll concentration: sensi-

tive to green pigmentation in healthy, vegetation Lind

therefore useful for the assessment of vegetation vigor.

Band 3 (0.63-0.69 /,m). Centered Lit approximately

0.66 p,m, this band includes the visible orange and red:

contains the maximum chlorophyll absorption band:

useful for species differentiation and determination of

state of vigor.

Band 4 (0.76-0.90 #m). Centered at approximately

0.83 #m, this band contains a reflectance peak sensitive

to leaf area, vegetation density, and biomass: useful lk_r

species identification and determination of state of vigor.

Band 5 (I.00-1.30 #my. Centered at approximately

1.15,um, this band contains the greatest line spectral

structure, including both reflectance and absorption

bands: sensitive to leaf area.

Band 6 (1.55-1.75 #my. Centered at approximately

1.65 #m, this band is located within an absorption fea-

ture characteristic of leaf water-mass.

Band 7 (2.08 2.35 t.Lm).(;entered at approximately

2.22 #m, this band is located within an absorption fea-

ture attributed to water molecules within a leaf.

A comparison of the vegetation and soil spectra .,hown

in Figure 12-21 demonstrates that the reflectance values in

all bands are typically higher in soil than in vegetation.

The two cover types exhibit the greatest disparity' in hands

6 and 7 and the least disparity' in bands 4 and 5. Maximum

reflectance values typically occur in bands 4 or 5 for vigor-
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(a)

(b)

Figure 12-19. Overview: (a) looking east from the southern end of Big Ridge (Lost River State Park), TC. Due to the large number of oaks in this

portion of West Virginia, the fall foliage display is muted; (b) looking east from the southern end of Big Ridge, CIR. Note the haze-penetralion

characteristics of CIR. Also note that the Chestnut Oak stands on the west-lacing slopes appear dark green and fine-textured (due Io leaf curling).
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Table 12-10. Summaryof aircraft-acquired
mulUspectraldata, LostRiver test site

MultispectralDate Mission Lines Scanner _

April 20, 1979 399 1and 2 M2Sb
September 19, 1979 407 I and 2 NS-001_
October 21, 1980 431 1and 2 NS-001_

alFOV for all data _ 15m; CIR photography acquired on all flights.
bModular Multispectral Scanner.
cNS-001 Thematic Mapper Simulator.

OUS vegetation and in bands 6 or 7 for soils. Locally, the

reflectance of vegetation cover in bands 4 and 5 may exceed

that of nonvegetation cover.

2. Botanical significance of NS-001 band data. NS-001

data were acquired at the Lost River test site at two pheno-

logic stages-late summer vegetative growth (September)
and senescence or fall foliage display (October). These

data provide information concerning absorption bands

due to photoactive plant pigments, chlorophyll-a and

chlorophyll-b, and the accessory carotenoid pigments, car-

otene and xanthophyll. Relative absorption by the pig-

ments will be reflected in NS-001 data, with the greatest

absorption in NS-001 band 3 occurring in September data

(at the test site, the foliage is still green in mid-September).

Absorption in NS-001 band 1 should be roughly the same
in both sets of data due to similar concentrations of carot-

enoid pigments (these carotenoid pigments become visible

in certain deciduous species in the fall simply because they

are no longer masked by chlorophylls). The relative amounts
of carotenoids versus chlorophylls for each phenologic stage

should be similar among various species, however, with the

greatest amount of variation in ratios of pigment concen-
tration (expressed by the N S-001 band-ratio !/3) occurring
in October.

Data from bands 4, 5, 6, and 7 relate to internal leaf

structure (cellular arrangement and intercellular space

configuration) and internal leaf moisture (relative humid-

ity of the atmosphere occupying the intercellular spaces of

Table 12-11. Summaryof Landsat-acquiredMSS data,
LostRiver tesl site

Scene Solar
Date

Identification Elevation

October 15,1973 8145915230500 34
February 27, 1976 8240115102500 33
April 30, 1976 8537714430500 49
October 18, 1976 8263515034500 34
April 16, 1977 8281514560500 48

the mesophyll as well as the amount of water imbibed in

the cell walls of mesophyll ceils). Band 4 may contain some

pigment-related information (possibly fluorescent emission

of chlorophyll-a) since reflectance in this band drops dra-

matically with the onset of senescence and/or decay of

chlorophyll pigments. Increased variation in reflectance for

bands 4 and 5 can be expected during fall foliage display,
but both should remain correlated.

Reflectance in band 5 should remain high for both

overflights. Data from this band may be related to the basic
molecular structure of the cellulosic and hemicellulosic

components of the cell wall. Data from band 7 should be

more variable relative to phenologic stage of vegetative tis-

sue, due largely to their correlation with amounts of tissue
water. Low correlations between bands 5 and 7 would be

expected in October data.

To take maximum advantage of the vegetation discrimi-

nation capability of the NS-001 sensor, data were acquired
over the test site on October 21, 1980. This date was chosen

in response to preliminary analyses of M2S and NS-001

data acquired in April 1979 and September 1979, respec-
tively. Images produced from these data, acquired in early

spring and late summer, were less than optimal for vegeta-

tion discrimination when compared to conventional field

and aerial CIR photographic data. Based on field observa-

tions in the test site area by the site botanist and observa-

tions in other areas as discussed by Canney et al. (1979), it

was concluded that multispectral data acquired early in the

autumnal leaf color-change cycle should have the maxi-

mum vegetation species and vigor discrimination potential.

3. Characteristics of NS-001 spectral data. During each

of two. NS-001 overflights of the Lost River test site, the

scanner measured average radiance in each band for over
3 million 15- by 15-m (50- by 50-fi) areas (pixels). These

data provide a significant sample of the spectral character-
istics of surface cover materials (predominantly vegeta-

tion). Table 12-12 summarizes interband correlations for

the data acquired in the two overflights. These data reveal
relatively high, positive interband correlations for both

flights. Although the NS-001 data were acquired during

different seasons (phenologic stages) in different years, both

correlation matrices are surprisingly similar. In both, the

highest interband correlations are for band pairs 1 and 2

and 4 and 5. Band pairs 2 and 3, 2 and 6, 3 and 7, 4 and 6,

and 5 and 6 also exhibit high correlations. These relation-

ships imply spectral redundancy in each of these band pairs

in vegetated terrain. Band pair 1 and 5 correlations are the

same in both matrices, demonstrating the seasonal inde-

pendence of reflectance variability in these two spectral

intervals. The lowest correlation is that of band pair 1 and
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Table 12-12. Correlation matrices for the seven NS-001 VNIR band

data acquired In two overflights of the Lost River test site

Band 1 2 3 4 5 6 7

Lost River, Mission 407, Line 1, September 19, 1979

Mean lnterband Correlation Coefficient: 0.77

I 1.00

2 0.97 1.00

3 0.90 0.94 1.00

4 0.55 0.64 0.60 1.00

5 0.53 0.63 0.60 0.98 1.00

6 0.75 0.84 0.86 0.83 0.87 1.00

7 0.75 0.82 0.87 0.68 0.69 0.89 1.00

Lost River, Mission 431, Line 1, October 21, 1980

Mean lnterband Correlation Coefficient: 0.72

1 1.00

2 0.95 1.00

3 0.73 0.83 1.00

4 0.63 0.75 0.70 1.00

5 0.53 0.61 0.51 0.91

6 0.80 0.82 0.77 0.80

7 0.64 0.71 0.90 0.61

1.00

0.80 t .00

0.44 0.77 1.00

5 for the September data and band pair 5 and 7 for the

October data. These low correlations may be interpreted as

indications that maximum spectral information (variance)

resides in the data acquired in these three bands.

Table 12-13 summarizes the changes in interband corre-

lation for the two overflights. The magnitude of these

changes is presumably a measure of the magnitude of sea-

sonal changes in the spectral variability of vegetation.

Interband correlation is generally lower in the October data.

This decrease in correlation demonstrates an increase in

spectral heterogeneity. The greatest decrease is in band pairs

5 and 7 and i and 3. Others showing relatively large

decreases are 6 and 7, 3 and 5, 3 and 6, 2 and 3, 2 anti 7,

I and 4, and 1 and 6.

Principal components analysis provides a statistical tool

for gaining insight into the nature of NS-001 data. (A com-

plete discussion of this multivariate technique is beyond

the scope of the present study; refer to Davis (1973) for

such a discussion.)
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Table 12-13. Matrix of correlation change (October to September)
for the seven NS-001 VNIR band data acquired In two ovedllghts of
the Lost River test sitea

Band I 2 3 4 5 6 7

1 0.00

2 0.02 0.00

3 -0.17 -0.11 0.00

4 0.08 0.11 0.10

5 0.00 -0.02 -0.09

6 0.05 -0.02 -0.09

7 0. I 1 -0.1 I 0.03

0.00

0.07 0.130

-0.03 -0.07 0.00

-0.07 -0.23 0.12 0.00

a Mean interband correlation coefficient change: - 0.05.

Table 12-14 summarizes the seven NS-001 VNIR band

eigenvectors for the first three principal components (PCs)

for data acquired in the two Lost River overflights. Also

included is the percent variance explained by each PC.

Eigenvectors are rather low for all bands in both data sets.

This reflects the high interband correlations noted above.

In both sets of data, over 95 percent of the variance in the

NS-001 data is associated with these three new variables.

Interpretation of the physical meaning of these new vari-

ables is aided by examination of the PC "spectra" shown

in Figures 12-22 and 12-23.

The first PC is approximately equally, positively corre-

lated with all NS-001 VNIR bands. It may be considered

an approximation of the "mean" radiance value for the

seven bands or a measure of the albedo variation in the

site's dominantly vegetated cover. In both cases, over 75

percent of the variance of the NS-001 data is explained by

this first PC. Apparently, most of the spectral variability at

Lost River may be attributed solely to variations in albedo.

This observation is consistent with the high interband cor-

relations shown in Table 12-12. The magnitude of the

eigenvectors demonstrates that variation in band 2 data is

most important in September (late summer to early fall at

this test site, prior to fall foliage change) and variation in

bands 5 and 6 data is most important in October (peak

autumn foliage display).

The second PC for both data sets is positively correlated

with bands 4 and 5 and negatively correlated with bands I,

2, and 3. The overall form of the two spectra for this sec-

ond PC is analogous to the typical spectral reflectance curve

for vegetation; differences in the two spectra may reflect

seasonal differences in the spectral characteristics of the

vegetation cover at Lost River. The 14 percent variance

explained by this component may be considered a measure

of the albedo-independent contribution of "pure" vegeta-

tion spectral classes to the variance of these scanner data.

The third PC for both data sets is most positively corre-

lated with band 7, and to a lesser extent with bands 6 and

3. Negative correlation is associated with bands I and 2.

The contribution of this third PC may therefore be attrib-

uted to materials which would have high values in NS-001

band ratios involving the digital number (DN) values for

bands 7, 6, or 3 in the numerator and 1 or 2 in the denomi-

nator. These relationships lend credence to the interpreta-

tion that this third PC is a measure of the contribution of

the nonvegetated (bare-ground) spectral component. The 5

percent or less variance explained by this component may

be considered a measure of the contribution of pure, bare-

ground spectral classes to the variance of these scanner data.

4. Evaluation of NS-001 band and band-ratio data for

vegetation mapping. Initially, four images were produced

Table 12.14. NS-001 principal components analysis: eigenvectors of seven VNIR bands
for the first three PCs

Variance

Explained,

81 1
14 2

3 3

_98

NS-001 Band

PC I 2 3 4 5 6 7

Lost River, Mission 407, Line 1.September 19, 1979

0.411 0.465 0.401 0.342 0.346 0.390 0.255

-0.432 0.325 -0.286 0.536 0.564 0.170 -0.023
-0.472 0.248 0.385 -0.317 0.103 0.417 0.532

Lost River, Mission 431, Line 1, October 21. 1980

77 1 0.319 0.348 0.339 0.397 0.469 0.454 0.280

14 2 -0.305 0.271 0.381 0.288 0.684 0.024 0.370
5 3 0.614 -0.396 0.389 0.149 0.013 -0.032 0.540

_96
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from the October NS-001 data in an attempt to optimize

vegetation discrimination (Figures 12-24 through 12-27). To

test the utility of these images for vegetation discrimination,

an interpreter lacking botanical training visually deline-

ated tonal/textural units in preliminary field vegetation map

area 3 (Figures 12-28 through 12-3 !). Average DN values
were determined for the delineated units by visually inter-

preting colors with the aid of the color mixing key shown

in Figure 12-32. The test site botanist had prepared a

preliminary vegetation map of this area using field obser-

vations aided by CIR aerial photography (Figure 12-16).

A comparison of these interpretations provided (1) the

opportunity to evaluate these four NS-001 images and (2)

a basis for recommending the optimal processing of these

data for vegetation discrimination. The results of this eval-
uation are discussed below.

A comparison of the preliminary field vegetation map

(Figure 12-16) to the image interpretations (Figures 12-28

through 12-31) reveals that units recognized in the vegeta-
tion map are commonly subdivided in the image interpre-

tations. Eight species and species community units were

used to prepare the preliminary field vegetation map. The

greater detail of the NS-001 image interpretations may be

a measure of the scanner's sensitivity to subtle variations in
vegetation vigor and density, which were not considered in

the preparation of the vegetation map.

By comparing the preliminary field vegetation map to

the four image interpretations, the image interpreter deter-

mined that the bands 2, 3, and 4 image (Figure 12-24) is

the best of the four for species and species community dis-

crimination. This is not surprising since the bands used were
selected to simulate aircraft CIR photographic images which

aided in the preparation of the field vegetation map. The

image interpreter's units 1, 2, 3, 3', and 6 (Figure 12-28)

correspond to fields, pastureland, and lawns; unit 5 corre-
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ponds to Evergreen; unit 8 corresponds to Chestnut Oak;

nd the unlabeled unit corresponds to Scarlet Oak and Red
)ak.

The bands 3, 4, and 6 color composite image (Figure

2-25) is the poorest for species identification. Bands used

_r this image were selected primarily to approximate an

12S image that was used for geologic interpretation. The
nage interpreter identified nine units in this color com-

osite (Figure 12-29). Unit 1 includes both Chestnut Oak

ad Evergreen. The other units show little correspondence

, species or species communities.

The band-ratio 2/3 color slice image (Figure 12-26)

ahibits little species discrimination. This ratio was selected

measure variations in vegetation vigor by displaying

_riations in the chlorophyll reflectance feature at 0.56 ttm

td the associated absorption feature at 0.66 #m. High val-

ues of this ratio should be associated with low albedo, green,

chlorophyll-bearing material, and low values with high

albedo, nongreen, chlorophyll-poor material. The image

interpreter recognized four units (Figure 12-30). An unex-

pected characteristic of this image is that linear features

(lineaments) not apparent in other images are accentuated.

These lineaments are typically defined by linear "green-

ness" boundaries, characterized by relatively greener areas

on their north side. Rarely, the reverse occurs. This attrib-

ute may be explained by the tendency for higher evergreen

concentrations on south-facing, xeric (dry) slopes and higher
deciduous (nongreen in October) concentrations on north-

facing, mesic (wet) slopes. Some of the greenness linea-
ments are apparently due to such cultural artifacts as active

and inactive field and property boundaries as well as old

logging boundaries. Subtle linear trends are apparently

highlighted by subtle changes in vegetation vigor and spe-
cies distribution.
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0 1 mi I_1

0 1 km _t_

Figure 12-24. NS-O01 bands 2 (blue), 3 (green), and 4 (red) image of

the Lost River test site (Mission 431, line 1) as seen in mid.October.

These color assignments simulate CIR aerial photography. The area

of detailed tonal/textural interpretation is outlined.

0 1 mi
N

0 1 km
L_..J \

Figure 12-25. NS-001, Mission 431, line 1, October 21, 198

composite image: bands 3 (blue), 4 (green), and 6 (red). The

detailed tonal/textural interpretation is outlined.
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Figure 12-26. NS-001, Mission 431, line 1, October 21, 1980 color ratio

slice image: band-ratio 2/3. The increase in ratio values is displayed

by color changes from brown to orange to yellow to green. The area of

detailed tonal/textural interpretation is outlined.

0 lmi N

0 1 km '_
L--.-J \

Figure 12-27. NSo001, Mission 431, line 1, October 21, 1980 color ratio

composite image: band-ratios 4/3 (green), 4/5 (blue), and 5/7 (red).

The area of detailed tonal/textural interpretation is outlined.
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BAND DN VALUES
UNIT 2 3 4

# (BLUE) (GREEN) (RED)

1 250 250 250

2 250 240 240

3 180 210 240

3" 150 160 210

4 20 60 240

5 0 4O 70

6 130 250 250

8 80 120 120

UNLABELED 110 190 220

0 lmi N

0 1 km
L I

Figure 12-28. Tonal/_extural unit Interpretation of NS-001 bands 2, 3, and 4 color composite Image (Figure 12-24) for preliminary field ¥egetatfon

map 3. DN values limed are approximate and were assigned by the Interpreter by comparing image colors to a DN color key,

The band-ratios 4/3, 4/5, and 5/7 used for the Figure

12-27 color ratio composite image were selected to mea-

sure the amount of chlorophyll (band-ratio 4/3), green

vegetation biomass (band-ratio 4/5), and general vegeta-

tion vigor (band-ratio 5/7). Substantial striping in the orig-
inal band 7 data resulted in linear artifacts in the band-

ratio 5/7 image plane. The image interpreter recognized

eight units (Figure 12-31). Some areas having high values

in the 4/5 plane (such as unit 6) are Evergreen. Band-ratios
4/5 and 5/7 may be used to separate Chestnut Oaks from

other oaks. Chestnut Oaks have high 4/5 values and low

5/7 values. The image interpreter's units 1, 2, 3, and 6 are

all Evergreen. Units 1 and 3 are characterized by low 4/5

and variable 5/7 values; units 2 and 6 are characterized

by high 4/5 values. These relationships are not readily

explainable but may in part reflect shadow effects and

variations of evergreen vigor and density.

The foregoing analysis leads to the conclusion that
NS-001 bands 2, 3, and 4 and band-ratios 4/5 and 5/7 are

useful for the discrimination of vegetation species in the
Lost River test site. A supervised classification map using

these five variables and training areas furnished by the site

botanist should provide useful vegetation distribution
information for the test site area.
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BAND DN VALUES

UNIT 3 4 6

# (BLUE) (GREEN) (RED)

1 0 80 50

1" 60 140 115

2 110 20O 120

2" 110 210 175

3 110 220 215

4 145 230 240

5 180 165 195

6 70 120 240

7 145 240 255 !

tmi N
J 1

1 krn f
I /

Figure 12-2g. Tonal/texturel unit Interpretation of NS-001 bands 3, 4, and 6 color composite Image (Figure 12-25) for preliminary field

vegetaUon map 3

5. Vegetation classification maps using NS-O01 data. As
"esult of the preliminary analysis discussed above, the

>duction of an accurate vegetation classification from

;-001 Mission 431 data was considered possible. An initial

_mpt was made at Gulf Science and Technology Com-

ly, using their IDIMS image-processing system. In an

;ractive session, the site botanist selected I 1 training areas

resenting nine vegetation classes for use in a supervised

sification. The nine vegetation classes included the seven

.gories used for preparing the preliminary field vegeta-
maps (Figures 12-14 through 12-17) plus two field and/

awn classes. NS-001 data from Mission 431 bands 2, 3,

4 and band-ratios 4/5 and 5/6 were used as variables

roduce two images that portrayed the distribution of

the nine vegetation classes. (Band-ratio 5/7 was replaced

with 5/6 because of striping in the band 7 data.) One image

produced was an unfiltered version of the classificatiom

the other, a 3 by 3 median-filtered version. Analysis of the
two versions revealed:

(1) Much useful vegetation information was lost in the
filtered version.

(2) Significant misclassification occurred in shadowed areas

of both images.

In an attempt to correct these problems, another interac-
tive session was conducted at JPL's IPL. On an NS-001

image displayed to mimic CIR photography (Figure 12-24),
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# BR OR YEL GRN

1 X

2 X X X
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Figure 12-30. Tonal/textural unit Inteq)ra_ion of NS-001 band-ratio 2/3 color slice Image (Figura 12-26) for preliminary tleld vegetation r,

the site botanist designated 35 training areas for 10 vegeta-
tion classes. Figures 12-33, 12-34, and 12-35 show the loca-
tions and class designations for the training areas, The Oak
class of the Gulf classification was modified. White Oaks
and Mixed Oaks were combined in an Other Oak class,
Scarlet Oaks and Red Oaks were combined in a Scarlet

Oak class, and a Shaded Chestnut Oak class was defined

(in an attempt to eliminate shadow effects). In addition,
new classes were defined: Maple (including all species that

exhibit yellow or yellow-orange fall foliage; thus, this class
includes Sugar and Red Maples as well as hickories, birch,

and Sassafras), Soil (plowed fields, cut crops, drive
dirt roads, etc.), and Scrub (old field successional
including evergreen and broadleaf members). All pin
hemlocks were grouped together in an Evergreen

These data were used in the VICAR programs STA I
FASTCLAS to produce two new supervised veg,
classification maps using NS-001 variables:

(1) Band 2, 3, and 4 and band-ratios 4/5 and 5/6

(2) Bands 2, 3, and 4 and band-ratios 4/5 and 5/
ure 12-36)
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DN RATIO VALUES

UN IT 4/3 4/5 5/7
# (GREEN) (BLUE) (RED)

1 150 80 220

2 110 180 60

3 130 80 20

4 220 110 170

5 130 110 170

6 140 250 120

7 250 250 250

UNLABELED 160 80 250

%

0 1 rni

t I

0 I krn

I ]

Figure 12-31. Tonal/textural unit Interpretation of NS-O01 band-ratios 4/3, 4/5, and 5/7 color composite Image (Figure 12-27) for preliminary field

vegetation map 3

A comparison of the two new versions demonstrated that

there was no striping problem in the band-ratio 5/7 version,

and that this version contained fewer unclassified or obviously
misclassified pixels.

Training area data from the two classification maps were

lso used as input for the VICAR version of the UCLA
IMD stepwise discriminant function analysis. The results

f this analysis, summarized in Tables 12-15 and 12-16,

ive insight into the two classification maps, According to

_ese tables, the two classifications are equivalently accu-

te. A review of Table 12-15 shows that class samples con-

ining a total of 3474 pixels were used in the discriminant

analysis. The number of training pixels per class ranged
from 41 (Scarlet Oak) to 1025 (Chestnut Oak). This in-

equality of training sample size should result in a classifica-

tion bias that emphasizes large classes at the expense of

small classes, Based on training area statistics alone, both

sets of variables yielded similar results. In step 5, the most

accurately classified group was Field I (98 percent), and
the least accurately classified group was Other Oak (31

percent). Chestnut Oak and Chestnut Oak Shaded were

commonly confused, an error of no consequence for vege-

tation mapping purposes. The most significant misclassifi-

cations indicated by the BMD analysis were Evergreen as

Scrub: most Other Oak as Scarlet Oak: Maple as Scarlet

Oak; Soil as Chestnut Oak Shaded: and Scrub as Evergreen.
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Figure 12-32. ON color key used for tonal/textural unit interpretations lot preliminary field vegeta-

tion map 3. An interpreter would assign DN red --190, green -60, blue _0 to a red-toned image

area corresponding in color to A; red _255, green -255, blue _110 to a yellow-toned image area

corresponding in color to B.
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6. Determination of optimal NS-001 vegetation classi-
fication

a. Introduction. In an attempt to more rigorous]y select

an optimal combination of NS-O01 bands and ratios for

mapping vegetation, an approach using UCLA BMD dis-

criminant function analysis was tested. Ideally. discrimi-
nant analysis usin_ the seven VNIR bands and 21 ratios

for the 35 training areas as variables could indicate an

optimal combination for assigning training pixels to vege-
tation classes. Because of inherent constraints in the JPL

VICAR preprocessor program, which makes image DN data

compatible with this BMD program, there is a limit of 10

input variables, This restriction made it impossible to rig-

orously apply BMD discriminant analysis to the set of 28

NS-O01 variables. Since there are more than 1.3 x 107 ways

to choose 10 objects from a group of 28, it was not feasible

to analyze all possible combinations. The only practical
solution to this dilemma was to reduce the number of com-

binations. If, after some of the original variables were

excluded according to some selection criterion, fewer than
10 remained, the BMD discriminant analysis could be used.

ahhough some of its usefulness would be lost, If more than

10 remained, it would be impossible to choose the 10 best

variables to be used as input without defeating the purpose

of the analysis.

b. Anah'sis. As a first step in the reduction process, the

raw bands were considered separately. The results of this

analysis are summarized in Table 12-17. [n order of

decreasing importance, the three best NS-001 bands for

vegetation classification of these Lost River data are bands

6, 3, and 5. Interestingly', Conel et al. (1978, p. 5-33)
demonstrated that data equivalent to band 6 data were also
the best raw band data for the classification of a suite of

rock spectra from Utah and Wyoming.

For the next step in the discriminant analysis, some ini-

tial screening of the NS-001 band ratios was required. The

choice of 10 of the 21 ratios for this step was based on their

histograms for the training areas. Those ratios that exhib-
ited non-Gaussian (multimodal) distributions were identi-
fied. Ten of the 21 ratios exhibited multimodal distributions.

Table 12-18 summarizes the results of this step in the dis-

criminant analysis. Of the selected ratios, the four best, in

order of decreasing importance, are 1/6, 3/6, 4/6, and 5/6.
Interestingly, these ratios all contain band 6, further

emphasizing the significance of this band for vegetation
classification at the Lost River test site.

Five more steps in the reduction process inw_lved dis-

criminant analyses using the remaining ratios in various
combinations with the three raw bands and four ratios

o 1,_ N

0 1 km
i i

Figure 12-33. Outflnes of 35 training areas used in the supervised veg-

etation classification map plotled on the NS-001 band 4 image. Areas

outlined are enlarged and shown in Figures 12-34 and 12-35.
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Figure 12-34. Outlines of 20 training areas In the northern part of the test site used in the supervised vegetation classification map
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Figure 12-35. Outlines of 15 training areas in the southernpartof thetest site used in the supervisedvegetationclassification map

selected above. The optimal five-variable classification
determined in this procedure is summarized in Table

12-19. Based on this analysis, the five best of the original
28 variables are, in order of decreasing importance, 6, 3/5.

4/5, 5, and 3,,'6. These variables were used in the VICAR

programs STATS and FASTCLAS to produce a super-
vised vegetation classification map (Figure 12-37}.

The BMD training area statistics for the Figure 12-37
classification, summarized in Table 12-19, indicate that the

most accurately classified groups are Field 1 (99 percent)

and Field 2 (98 percent): the least accurately classilied arc

Other Oak (27 percent)• The most significant misclassi-

fications indicated bv the BMD analysis are Evergreen as
Scrub: Chestnut Oak as Other Oak: Scarlet Oak as Other

Oak: most Other Oak as Chestnut Oak or Scarlet Oak:

Maple as Scarlet Oak or Other Oak: Soil as Chestnut ()ak

Shaded: and Scrub as Evergreen.

A preliminary' field comparison of Figure 12-37 (the 6,

3 5, 4,5, 5, and 3 6 classification) to Figure 12-36 (the 2, 3,

4. 4 5. and 5 7 classification), in the area of the prelimi-
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nary field vegetation map 3 (Figure 12-16), demonstrated
that both images provide an accurate classification of the

forest cover. Somewhat surprisingly, the version that was

considered best by the site botanist, based on a qualitative

field comparison, is the first classification, which was not

based on the more "rigorous" BMD selection of optimal

bands for vegetation classification. This implies that the

difference in classification accuracy, indicated by the train-

ing area statistics for the two (step 5, Table 12-15 versus

Table 12-19) is not significant (70 versus 71 percent mean

percentage correct).

Review of training area classification accuracy from the
eight BMD discriminant analyses provides insight into the

"optimal" band selection problem. Table 12-20 shows the

maximum correct classification for each of the 10 vegeta-
tion classes. All classification maxima occur when five or

fewer variables are included, even though six steps were

used in two of the BMD runs. Band 6 is ubiquitous, again

adding credence to its usefulness in vegetation classification.

Figure 12-38 shows the field of mean class correct classi-

fication versus number of variables entered for all steps of

the eight BMD stepwise discriminant analyses. The distri-
bution shown implies that optimal overall classification is

accomplished with any four to five input variables, and may
explain the apparent equivalence of the "subjectively"

selected five-variable vegetation classification and the '+rig-

orously" selected version. This apparent classification opti-

mization with five variables was also noted by Conel et al.

(1978, p. 5-37-5-41) in a discriminant analysis of a suite of

rock spectra from Utah and Wyoming.

Alternately, the equivalency of the two classifications may
demonstrate:

(1) Inability to objectively test all possible combinations

of variables due to computing limitations

(2) Inaccuracies in the original training area designations

(3) Classification bias due to unequal class sizes

>

=z

Figure 12-36. Supervised vegetation ciassHicaUon map produced using

NS-O01 (Mission 431) bands 2, 3, 4, 5, and 7 in the following combina-

tions: 2, 3, 4, 4[5, 5/7. Note the color key at the bottom of the Image.

C. Conclusions

An analysis of two supervised vegetation classifications

using training area statistics from NS-001 Mission 43 [ data

acquired for the Lost River test site demonstrates that:

(1) Simple NS-001 band-ratio or composite band-ratio

images provide inadequate information for forest

vegetation mapping.

(2) NS-001 band 6 is the best single band for classifica-

tion purposes.
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(3) Optimal forest vegetation classification accuracy is

provided by supervised classification processing using

five NS-O01 bands and band ratios as input variables.

(4) The loss of inlbrmation due to 3 by 3 filtering of the

15-m data acquired lbr this study' implies that spatial

resolution finer than 45 m is needed for accurate for-

est vegetation classification,

(5) Although a BMD discriminant approach for optimal

NS-OOI variable selection may' be useful, the VICAR

preprocessor restriction of 10 input variables severely

limits its applicability to these data. An image pro-

cessing version of this program, for use with NS-OOI

data, should accept 28 input variables.

Table 12-17. Discriminant function results: bands 1, 2, 3, 4, 5, 6, 7

Lo',t Ri;er Vegetation Analysis NS-IWll

BMt) I)i..crumnant Function Miv, lon 431

Band Input % ariables I. 2.3.4. 5.6. 7

\ egetation (',,*rrectl> (']a,,sllied, ',:

Group Iot.H Iq_el_
Step I" Step 2 t" Step 3'

E_.erg, reen 352 7q 7D 7_

('hestnul Oak ]tt2_ 45 40 3S

(hestnut Oak Shaded _'43 28 70 _1

Scarlet Oak 41 22 lil 42

Other Oak 508 '4 3(I I_

Maple 99 24 _7 7 I

Field I 16F, 9_ tit) '46

Field 2 174 ".8 '45 '47

Soil 298 47 7'4 NO

Scrub 216 14 35 24

Mean Percent Correct 42 57 02

\anable entered tin1 't _5

hO 66

'IIS

Table 12-15. Discrlminant function results: bands 2, 3, 4, 4/5, 5/7

l.,ast River Vegetati,,m Anal',sis NS-(_)I

BM D [)iscriminant Function MixMon 43 I

Band and Band-Ratio Input Variables 2.3, 4.4 5.5 7

Vegelal)on ('orrectl; ('la_sitied. '._

Group lotal Pixels
Step I" Slep 2 _ Slep t' Step 4 J Step 5 _

F.,. ergre,:n 352 65 _2 7_ 7_ 77

('hesmul Oak 1025 I 6S 6t 62 62

('hesmul Oak Shaded 503 57 53 76 76 77

Scarlel Oak 41 39 2g 49 51 54

tither Oak q()_ 0 29 30 31 3 I

M aple 99 24 2t_ 41 72 72

Field I Ihg 85 87 _8 `48 98

Field 2 174 ",0 g4 88 93 94

Soil 298 _t) gO 81) 81 Xl

Scrub 216 22 2_ 49 _2 53

Mean Percenl (orrect 42 54 6'_ t_9 70

Variable entered, tml: "066 q) g3

'1083 I1_ 'q).%

_llS 222

Table 12-16. Discriminant function results: bands 2, 3, 4, 4/5, 5/6

[.o_t Ri_er Vegetation Anab,_P, NS-(K) I

BM D I)tscrirninanl Function M issttln 431

Band and bland-Rati_ lnpu{ Variah/es 2, t. 4.4 5.5 6

Vegetation ('orreclt) ('lassitied, '_

Group "lotal Ptxels
Step I" Step 2 h Slep 3' Step 4 '*

Evergreen 352 65 62 7g 76

('hestnul Oak I( 25 I 65 61 62

Chestnut Oak Shaded 503 57 st 76 76

Scarlel Oak 41 39 29 49 51

Other Oak 51)8 0 29 3(I 31

Map e 99 24 26 41 72

Field I 168 g5 87 98 9R

t leld 2 174 50 84 8g g3

Soil 298 g(I g(I 80 81

Scrub 216 22 23 49 52

Mean Percent ('on'eel 42 54 65 69

Variable entered, l_m: "Oh6 _(I R3

hO83 115 dflSh

q 15 165

Table 12-18. Discrimlnant function results:

band-ratios 1/6, 1/7, 2/7, 3/6, 3/7, 4/6, 4/7, 5/6, 5/7, 6/7

I.ost Rl_er Vc_etahon Anal'.sin NS-IWll

BMI) |)tscriminanI Junction Mi.,,aon 43 I

Band Ratio Input Variahles: I 6. I 7.2 7, t _. _. 7.4 6.4 7. 5 6, 5 7, _ 7

Vegetation (orrectly Classified, '4

(;mup total Ptxels
Step I" Slep 2 _' Step 3" Step 4"

t _ergreen 352 It I0 36 6_

(hesmul Oak IB25 18 22 6_ 6g

('h___,lnut Oak Shaded 593 74 72 6g 74

Scartel Oak 41 tl 73 29 46

()ther Oak 508 6 _,2 23 2q

Maple q9 12 _) 52 63

Field I 168 71) 88 99 98

held 2 174 32 g(l 97 97

Sonl, 298 _1 gl Xl 80

Scrub 216 80 3_ 61 hl_

Mean Percent Correct 32 55 62 68

Vanable entered. _tm: "O49 165 qJg3 1,65

_'O66 165 "1(115 1.65

Table 12-19. Discriminant function results:

bands 6,3/5, 5,2/4, 4/5, 1/3, 4/6, 5/6, 3/5

I_l_t River Vegetation Anal)_i _, NS (WH

BMI) I))scrimmanl f unclum Ml_,l_m 431

Band alld Band-Ratn, h_put \;maNes 6.3 "_. 5.2 4.4 3. I _. 4 6. 5 6 3

kre,getanon ('orrectl: (lassflicd. '_

(i n_up 1 _tal thxeis
Slep I" Slep 2 _' Step 3 _ SIep 4 _ Step 5'

Slep 5_ Evergreen t52 75 73 72 73 72

77 Chestnut Oak IO25 45 37 t}O _9 6S

62 Chestnut Oak Shaded 593 2_ 4_ 8"_ _2 g6

77 Scarlet Oak 4[ 22 44 54 4_ 4_

54 Other Oak 5(18 '4 17 t2 27 27

I Maple _ 24 45 49 n9 _

72 Field ] 16_ 98 99 99 wx `49

9g held 2 174 5_ `43 q4 _ q'g

94 Soil 298 47 g(I NO Nil 7'4

81 Scrub 216 14 43 63 6#_ 69

"__ Mean Percent ('orrecl 42 qg 6'4 71) 71

20 Vanableentered,_m_: '1 65 q)N3 II ¢,

_tttx'. I 15 '_l 15

_() 66 1.65

Next _arlab(e 1o he enlered. ]l continued to nexl nlep: hand ratio 2 4
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Table 12-20. Summaryof results of eight BMD stepwlse discrimi-
nardanalysis runs showingminimum number of variables for maxi-
mum correctclassification of 10 vegetationgroups

Group

Maximum
Variables

Correct
Included. bands and

Classification,
band ratios

Evergreen 76 6, 3/5, 5,4/6.5/6

Chestnut Oak 68 I/6, 3/6.4/6, 5/6

Chestnut Oak Shaded 95 6, 3/5, 5, 4/6, 5/6
Scarlet Oak 73 1//6, 3,/6

Other Oak 38 6, 3/5, 4/5, 2/'4, I/3

Maple 75 6, 3/5, 5

Field I 99 6, 3,/5

Field 2 99 6, 3//5, 4/5, 5

Soil 81 1/6

Scrub 69 6, 3/5, 4/5, 5, 3/6

VIII. Field Evaluation of NS-001 Supervised
Vegetation Maps

A. Introduction

The evaluation of the accuracy of the two NS-001 vege-

tation classifications, discussed above, was based primarily
on training area statistics. In June, JuLy, and October 1981,
field botanical evaluations were made to determine the

accuracy of the two images. Additionally, two areas of
anomalous vegetation identified on the images were stud-
ied in the field.

m w

o
Fkjum 12-37.Supervisedvegetationclassificationmap producedusing
NS-001 (Mission 431) bands3, 4, 5, and 6 In the followingcombina-
tions:6, 3/5, 4/5, 5, 3/6. Note the colorkey atthe bottomof the image.

B. Accuracy of Supervised NS-001 Vegetation
Classification Maps

Table 12-21 presents percent vegetation cover for the

entire test site based on numbers of pixels assigned to each

of the vegetation classes in the two supervised NS-001 veg-

etation classifications (Figures 12-36 and 12-37). Two sets

of percentage figures are given for each vegetation classifi-

cation: the first set is the raw percent figure (including

unclassified pixels); the second set is the normalized per-

centage for each vegetation class (percent of total classilied

pixels representing each vegetation class with unclassified

pixels removed).

Percent values of vegetation cover determined from the

image classification (Table 12-21) and those based on field

observations are in close agreement. Based on a prelimi-

nary field assessment made during the first year of the study,

the site is approximately 80 percent forested: oaks com-

prise approximately 90 percent of the broadleaf forest
members, and Chestnut Oaks are the most common forest
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Figure 12-38. Field of mean correct classification for eight BMD

stepwise discriminant analyses of training areas used in the super-

vised vegetation classification map

tree, representing about 40 percent of the mature trees. Table
12-22 shows the following data for Figures 12-36 and

12-37, respectively: 82 and 85 percent forest cover; 86 and

88 percent of the broadleaf forest cover are oaks, and of
the forest trees, 50 and 42 percent are Chestnut Oaks. A

comparison of data in Tables 12-21 and 12-22 with those
in Table 12-23 (from Sturm, 1977, for Lost River State Park

only) shows close agreement. It is concluded that the data

presented in Tables 12-21 and 12-22 are an accurate repre-
sentation of the actual vegetation (over at Lost River.

The distribution of forest cover types on the two super-

vised NS-001 vegetation classification maps is similar (for

comparison, see Figure 12-39). In July 1981,0.1-acre circle

plot analyses were conducted at 289 forested sites to check
the classification accuracy. Analysis sites were selected based

on study of the two classifications; areas determined to be
of interest were then located in the field and analyzed.

Analyses at another 36 sites were also available from data

acquired during preliminary botanical studies of the test

site. Approximately 90 percent of the sites analyzed were

dominated by the type of vegetation indicated by class

assignments on one or both supervised classification images.

Of the total number of pixels per image, only 7 to 8 per-
cent are unclassified (Table 12-21). Of the unclassified pix-

els, the vast majority are associated either with clouds or

fields. Because the purpose of the image classifications was
to determine the distribution of forest cover types, little

effort was made to develop classifications that would dis-

criminate among the many field and pasture conditions

occurring at the site.

Table 12-24 presents a description for each of the vege-

tation classes recognized on the supervised NS-001 vegeta-
tion classification maps for the Lost River test site. In

Table 12-21. Percentage of vegetation cover at the Lost River test site

Occurrence of N S-001 Supervised Vegetation Classes.

NS-001 Bands Used in g of total

Supervised Vegetation Chestnut Chestnut Scarlet Other Field Field

Classification Unclassified Evergreen Oak Oak Oak Oak Maple I 2
Shaded

Soil Scrub

Figure 12-36 (hands 2, 3.4, 4 5, 5 7)
Percentage _, 6.9 3.6 20.1 18.3 9.7 16.6 8,3 1.2 2.0 5.7 7.6

Normalized percentage h 3.9 21.8 19.8 10.5 18.0 90 1.3 2.2 6.2 8.2

t:igure [2-37 (bands0,3 5, 45, 5, 3 6)

Percentage" 8.4 3.8 19,8 13.2 12.0 20.2 9. I 1.0 1.3 5.6 5.6

Normalized percentage h 4. I 21,7 14.4 13. I 22. I _)._ I. I 1.4 6 1 6. I

"Percentage of pixels o',cr the entire field assigned to this class.

_'Normalized percentage rot each class (i.e., unclassilied pixcls removed).
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Table 12-22. Summaryof vegetationcoverpercentage
data for the LostRiver test site

l'igure 12-36, Figure 12-37,
Vegetation (']as,s _+ co_t.'r c:. co,,er

I orest ('o',er 82 85
total Fields 4 2
l:ield_,and Soil 11 9
Chestnut()ak_' 50 42
Scarlet Pm ()ak_ 13 15
()ther Oak" 22 26
Maple_' II 12
I?,,ergreen" 5 5

lotal ()ab?_ 86 88

_'Per,.'entageottotal lbrest categories represented b', this class (I ield 1.
Field 2,Soil. and Scrub notconsidered }.

_"t'erccntagc of broadlcaf trees repre,,ented b', oaks (Evergreen, Field I,
licld 2.Soil. and Scrub not comidcred).

addition to describing the various species associations, Table

12-24 also presents classification problcms associated with
each class.

One of the consistent misclassifications in both super-

vised classitications is the incorrect classification of many

areas in shadow as Evergreen. This is not surprising since

evergreens occurring at Lost River {several species of pines

plus hemlock) display very low reitectance in all NS-001
bands, a feature which is likely due to low reflective sur-

face of leaves (needlelike in both genera) coupled with a

large shadow component associated with individual tree
crowns,

The addition of the ('hestnut Oak Shaded class for the

Figure 12-36 and 12-37 classifications improved the classi-

fication accurac,v when compared with the original Gull"

version. Fewer shadows were misclassified as Evergreen,

and distribution patterns of Chestnut Oak shown on the

Figure 12-36 and 12-37 classification maps were more
accurate portrayals of actual ground conditions.

Evergreens are misclassified as Scrub because scrub

growth frequently consists ol'young evergreens andor Bhtck
Locust (which present low reflectance in all bands due to

small leaflets of conlpound leaves and a large shadow

component). Many of the areas classed as Scrub are mixes

of pine and broadlcaf trees: thus. the scrub image chtss

includes a variety of pine hardwood associations.

The other consistent classification problem recognized

during field evahtation involves considerable variation in

cover composition at sites classified as Scarlet Oak or Other

Oak. The areas classed as Scarlet Oak frequentl) have a

sizable component (20 to 40 percent) of Chestnut Oak andi

Table 12-23. Major cover types of Lost RiverState Park, their areal
extent in acres, percent of the forests of the state park they com-
prise, and number of stands sampled*

Number of Stands

('over l)pc Acreage Percentage Sampled

Pine 209 6.7 4

('hcstnut Oak 1103 35.6 4

Mixed Oak 923 29.6 4

White Oak White Pine 85 2.,5 .

Red Oak 76,.1 24.5 7

Hemlock Hardwood 32 1+0 ,

"'1 aken from Sturm (1977. p. 1331,

b U nsampled cover t.vpe.

or White Oak. In a similar manner, Scarlet Oaks are a

common component in areas classified as Other Oak (a class

originally designated for mixes of White Oak and Black
Oak) or Chestnut Oak. Further detailed field evaluation

could provide more precise training area designations to

help alleviate this type of classification problem.

Based on field studies, the two most widely' occurring
species of oak over the entire stud',, area are the Chestnut

Oak and the Scarlet/Pin Oaks. These two species nearly
always occur together, with the Chestnut Oak predominat-

ing on the ridge top and west-facing slopes, while the Scar-

let/Pin Oaks predominate in valleys and bottomland.
Frequently, the areas classed as Other Oak on both

classification images are more correctly a mix of Chestnut

Oak, Scarlet/Pin Oaks, and White Oak. Field data suggest
that the class Other Oak should be renamed Mixed Oak.

The areas classed on both vegetation classification maps

as Chestnut Oak arc seldom pure stands of Chestnut Oak.
Scarlet/Pin Oaks are commonl.v found in association with
Chestnut Oaks, with While Oaks and an occasional Black

Oak also occurring at these sites. Chestnut Oak.,, do pre-

dominate at these sites, however, and the chiss designation

remains appropriate.

The Scrub category is the least accurately assigned class

in either classification. Since this category is botanically the

least well defined (scrub growth may consist of any num-

ber and/or combination of locally avaihtble "weed'" trees
such as pines, Red Maple, and Black Locust). such a result

is to be expected. In many cases, the mixed broadleaf and

evergreen community immediately surrounding a stand of
evergreen is classed as Scrub. The low reflectance values

associated with both pines and Black Locust lead to rots-

classification of the latter as Evcrgrccn (especially in I:ig-

ures 12-36 and 12-39c). Shadowed evergreen ' hardwood
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Figure 12-39. Aerial CIR and NS-001 images ol the area covered by preliminary field vegetation map 3 (all data derived from October 21,1960

overflight, Mission 431 ): (a) aerial CIR. Note subtle variations in color and texture denoting distribution of Chestnut Oaks (greenish, fine-textured

canopy), Evergreens (dark reddish-brown, very fine texture), Other Oaks (light brown, somewhat coarse-textured), and Maples (yellow; note

anomaly sites); (b) NS-001 bands 2, 3, and 4, designed to simulate the aerial CIR photograph. Note how subtle color differences seen in CIR are

enhanced in this image (Chestnut Oaks are now distinct from Other Oaks and within Other Oaks, differences are seen that allow separation o!

Scarlet Oaks from the remaining oaks); (c and d) supervised vegetation classification maps produced using bands 2, 3, 4, 5, 6, and 7 in the

tollowing combinations: (c) 2, 3, 4, 4/5, 5/7, and (d) 6, 3/5, 4/5, 5, 3/6. Note the similarities and differences between the two.
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Table 12-24. DeecripUon of vegelaUon classes recognized at the Lost River test site

Class Description Problems

Evergreen

Chestnut Oak

Chestnut Oak
Shaded

Scarlet Oak

Other Oak

Maple

Field 1

Field 2

Soil

Scrub

Any needle-leaf conifer. Most commonlya species of pine
(see Table 12-9a); but may also include Hemlock and Red
Cedar. Limited hardwood species may also occur in stands
of forest trees recognized in this class.

A forest stand dominated (50 percent or more) by mature
trees (6-in. dbh or greater) of Chestnut Oak. Common
associates are Scarlet/Pin Oaks and White Oaks. Seldom
does Quercusprinus occur in pure stands (90 to 100 percent).

Same as above (Chestnut Oak), but shaded as seen in aerial
data acquired October 21, 1980 (Mission 431). Since the
Chestnut Oaks commonly occur on steep west-facing slopes
(partly shaded when the data were acqmred), development
of this class greatly improved the accuracy of the vegetation
Images.

Includes both Red Oak and Scarlet/Pin Oaks as the
dominant species. Commonly includes Chestnut Oak and
White Oak. Never occurs in pure stands at this site.
Common in ravine bottoms and valleys hut may also be
found on slopes. This is the second most heterogeneous
species association.

The most heterogeneous class found on the site. This class is
assigned to any mixed oak association. Commonly represents
mixes of White Oak, Chestnut Oak, and Scarlet/Pin Oak.
Any mix of oak in which no single species predominates
(50 percent or more) is likely tobe so classed. Should be
designated Mixed Oak.

Since maples, hickory, Sassafras, and birch all exhibit similar
fall foliage coloration (yellow to orange), all of these genera
are grouped in this class. Common on east-facing slopes and
bottoms of valleys and ravines.

Any field with a high albedo-usually the result of drying or
brown stubble (much of the pastureland in late October).
Many of these types of field are unclassified, especially in the
second vegetation map (Figure 12-37).

Fields with living, green plant cover. Commonly lawns and
grazed pasturelands. This is a very heterogeneous category
and could be broken into two or three classes.

Any area where bare soil and/or rock is exposed. Commonly
driveways, dirt roads, plowed fields, and outcrop sites. Has
the highest albedo of all the classes.

Any mix of evergreen and woody broadleaf vegetation.
Represents a common but temporary stage in succession at
this site. Commonly old fields or areas of previous lumbering
activities.

Shadows included in this class. Some Evergreens are
included in the Scrub class.

Some areas included in this class should be classed as Other
Oak.

N one

Due to the complex nature of this heterogeneous class, this
may be classed as Other Oak.

Too heterogeneous. Areas that should be classed as Chestnut
Oak are placed here.

This category is not accurately assigned. In both maps, fields
with some growth are classed here.

This field type is not accurately classed-commonly
unclassed (black pixels) or classed as Soil.

This field type may be classed as Maple. May also be
unclassed. Too variable in signature.

Commonly confused with clouds or Field 1.

This vegetation category may be classed as Evergreen. May
also be unclassed (black pixeis).

mixes may be classed either as Scrub or Evergreen,

depending on the extent of shadow effect.

The Maple class should be subdivided for a more accu-

rate representation of actual species distribution. As stated

previously, Sugar Maple, hickory, and birch all exhibit

similar reflectance spectra during fall foliage display at Lost

River. For example, Red Maple ranges in color from orange

to red and, thus, may be classed with Scarlet Oak. In the

future, an attempt should be made to discriminate among

these taxa, based on textural variation, slight spectral vari-

ations, and elevation and/or slope characteristics.

Both NS-001 supervised vegetation classification maps

are approximately 90 percent accurate in the assignment of

forest areas. Correct assignment of Field and Soil classes is

approximately 70 percent. Most classification errors are the

result of either shadow effects or inadequacies of the origi-

nal training area designations.

C. Comparision of the Two Classifications

A field comparison was also made between the two

supervised NS-001 vegetation classification maps (Figures

12-36 and 12-37). Each classification has advantages and

disadvantages.

Figure 12-39 provides a comparison of four images used

for vegetation mapping. All four cover an area roughly

equivalent to the preliminary field vegetation map 3 (Fig-
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ure 12-16). Figure 12-39 may be used to make direct com-

parisons between Figures 12-36 and 12-37.

Figure 12-36 recognizes more Chestnut Oak, primarily
at shaded sites. These same sites tend to be classed as Other

Oak and/or Scarlet Oak in Figure 12-37, Field checks of

these sites showed that varying amounts of Chestnut Oaks,

Scarlet/Pin Oaks, and White Oaks are present.

Figure 12-36 does the best job of classifying fields accu-

rately. More fields are recognized, especially Field I (dry

fields exhibiting high albedo), on this map. Figure 12-37

frequently does not recognize this type of field, displaying
it either as Soil or Unclassified. Some Field 2 areas (fields

or pastures with green vegetation cover) that are correctly

classified in Figure 12-36 are misclassified as Maple in Fig-

ure 12-37. Figure 12-36 tends to classify weedy fields (heavy

herbaceous weed cover) as Scrub, while Figure 13-37 fails

to classify them at all. Neither classification does an ade-
quate job of classifying fields, but Figure 12-36 is better

than Figure 12-37.

Figure 12-37 classifies more areas as Maple. but as

indicated above, many of these areas are actually fields

(Field 2 type). More restricted distribution of maples is

displayed in Figure 12-37 at the higher elevations, and this

seems to represent a more accurate portrayal of ground
conditions.

Figure 12-37 has more unclassified pixels (8.4 versus 6.9

percent for Figure 12-36), mostly associated with fields. Most

unclassified pixels in Figure 12-36 are clouds (these same
areas are classed as Soil in Figure 12-37) and cloud shad-
ows. The combined effect of these various misclassifica-

tions is that Figure 12-36 more accurately displays Chestnut

Oak and Field classes, while Figure 12-37 more correctly

displays the higher elevation distribution of Maple.

The two classification maps are best used in combina-
tion. Based on fieldwork, Figure 12-36 presents a slightly

_nore accurate representation of ground conditions, but there

s little significant difference between the two maps (as can

_e seen by comparing Figures 12-39c and 12-39d).

_. Anomalous Vegetation Distribution

At two sites, anomalously high concentrations of maples

e displayed on the two supervised vegetation images in

area referred to as the Funkhouser study site (much of

property included within this site is owned by Charles
nkhouser; see Figure 12-11).

['he two NS-001 supervised vegetation classification maps

gures 12-39c and 12-39d) show a linear pattern of maple

parallel to a narrow ravine (running NE-SW) at this site.

A detailed field study (80 vegetation analysis plots) of this
ravine confirmed a concentration of Red Maples, corre-

sponding roughly with the bottom of the ravine and the
immediate (within 100 ft) west-facing slope (61 percent of

the circular plots along the bottom of the ravine were dom-
inated by Red Maple, as were 66 percent of the plots on

the west-facing slope).

At most plot sites dominated by Red Maple, the trees

are approximately 15 to 20 years old and occur in clumps

(clones), Extensive cloning has occurred at many of the plot

sites as a result of earlier logging activities, with 10 or more

trunks (stump sprouts) commonly occurring per clone, each

cluster surrounding an old stump. The number of growth

rings on the old stumps indicates that the original maples

were approximately 30 years old when cut (thus heavy

concentrations of Red Maple have occurred at this site for

approximately 45 to 50 years). The heavy growth of maples
at this site forms dense thickets in the ravine and to the

east. This area, indicated in Figures 12-11 and 12-39(a) as

"ravine," is seen in a low-altitude aerial view in Figure
12-40(a).

These field observations suggest that the Red Maple

(normally a weed tree and, thus, commonly replaced by

climax vegetation such as oak) has been well established at
this site for at least 45 years. When the Funkhouser ravine

locality is compared with other similar sites (550- to 615-m

elevation; narrow NE-SW ravine surrounded by 30 to 60

percent slope; identical soils), such a high concentration of

maples is indeed unusual. Vegetation analyses conducted
at three similar sites indicate mixed oak communities are

typical.

Initially, it was assumed that the anomalous linear con-

centration of maple at the Funkhouser ravine locality rep-

resented a cultural feature such as a logging site, old field,

or farm road. The fact that an old farm road, leading to a

hunting blind, follows the eastern edge of the ravine bot-

tom would seem to support this assumption. Discussions

with the landowner concerning recent logging activities

suggest that the ravine site had been selectively logged (only
the large, valuable timber removed) in the late 1950s or

early 1960s. Stumps and cloning along the ravine bottom
and to the east are certainly evidence of recent limited log-

ging activities at the site.

The farm road appears to be currently used only up to

the hunting blind (one-third of the way up the ravine,

beginning from the southwest end), and is heavily over-

grown above this point. Study of black-and-white aerial

photographs (acquired October 10, 1959) accompanying the
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Figure12-40.Mapleanomalysites(bethphotographsweretaken

October 15-19, 1981): (a) the Funkhouser ravine site seen from the

air, looking northeast. Note the linear strip of delollated trees (insect

predation) and the slight show of color (muted due to overcast condi-

tions); (b) the Funkhouser circular anomaly site seen from the ground,

looking northwest. Colors of the maples appear brighter here in com-

parison to (a) due to the full-sun condition. Note the tree (a White Oak)

In _ foreground, defoliated by Insects. (The same silo is seen in both

pictures.)

soils survey for Hardy County (Soil Conservation Service,

1979) gives no evidence of extensive logging or disturbance
associated with the farm road at the ravine site prior to

1959 (assuming that all regrowth at this site has occurred

since 1935 when a 15-year period of heavy logging

throughout the test site ended). The maple and oak stumps

seen at the site are probably the result of limited logging

since 1959 (those stumps determined to have been 30 years
old when cut would have been cut around 1965). There is

evidence of limited logging (stumps) seen above the hunt-

ing blind, but the large number of mature, valuable timber

trees growing above the blind suggests that much less log-

ging occurred along the northern two-thirds of the ravine.
To the north of the ravine, extensive and recent (1974

according to Mr. Funkhouser) logging has occurred,
resulting in widespread scrub growth (Black Locust) above

the anomaly site (classed as Evergreen in Figure 12-39c

and as Scrub in Figure 12-39d).

Since the disturbance due to logging must be post-1959

(approximately 1965), the extent of regrowth of maple at

the ravine is surprising, The road is narrow (0.2 to 25 m
wide), and in no case should disturbance of the canopy

due to road activity exceed 4 to 6 m on either side of the

road. The maples extend for 45 to 60 m, mostly to the east
of the road and ravine bottom. The most extensive stands

of maple occur above (north ot3 the hunting blind where

most maples and other woody species are large and at least

30 years old (and in some cases 70 years old}.

In the October CIR aerial photograph (Figure 12-40a)

some opening in the canopy along the farm road is seen
but few maples are seen at these openings. Most of th

maples occur to the north and east of these openings. It i

clear that the maples are well established at this site an
have been so since 1935 (possibly earlier). It is conclude

that the anomalously high concentration of maples at th
site is not related to the road or recent (1965) logging acti

ities and may be related to some feature(s) other th_
cultural.

The soil type at this site is Berks Channery (Plate 11
and Table 12-5), a well-drained, silt-loam soil of shall

depth (5 to 12 cm deep). It is rated as having a low to v

low water-holding capacity, is acidic, and is poor for fa

ing. Soil at the site is very sandy and/'or rocky. This is

same soil type found extensively over much of the gas

The slope on the west side of the ravine is steeper (35 t

percent) and rockier, while the eastern side has a more g,

slope (25 to 35 percent) with few exposed rocks,

Red Maples are not selective in terms of soil-type

erence (Table 12-25), occurring in soils ranging from sw
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clays to the more xeric sandy loams of the hardwood for-
ests (Core, 1966). Although Red Maple apparently does

best in swampy, wet areas, it also occurs on hillsides and

ridges throughout West Virginia (Core and Guthrie, 1977).

It is a common pioneer plant associated with secondary

plant succession in recently' cleared areas and is also a

common associate with the more permanent climax species

(various oaks and hickories) characteristic of the Ridge and

Valley region of the state (Core, 1966).

According to the two supervised NS-001 vegetation clas-
sification maps, maples are commonly, scattered in their

distribution, preferring east-facing slopes and higher ridge

tops (above 740 m), and seldom form pure stands except at
higher elevations. The pure stands of maple seen on the

east sides of South Branch Mountain and Big Ridge, which

have been field checked, are composed of Sugar Maple

rather than Red Maple.

Since the soil type at this site is typical for the entire

field, it would seem unlikely that the occurrence of high

concentrations of Red Maple is controlled solely' by, soil

type. The higher soil moisture conditions at the ravine bot-

tom (a spring is located near the hunting blind) are likely

to be more favorable for all plant growth, as demonstrated

by a dense undergrowth of grape vines, huckleberries, Black

Locust, and a variety of herbaceous weeds (including

numerous unidentified species of Aswr and grass) at sur-

vey sites located in the ravine bottom. The Red Maples,
however, occur on the east side of the ravine and above

(north ot) the wet areas of the ravine bottom.

Since obvious factors such as recent cultural distur-

bance, topography, slope aspect, soil moisture, and soil type

do not appear as likely causes of the anomalous Red Maple

distribution at the Funkhouser site, other possible causes
were considered.

Many of the leaves of trees (Red Maple and hickory)

and herbaceous weeds growing in the ravine area exhib-

ited some degree of fall tk_liage coloration and/or nutrient

deliciency symptoms (Figure 12-41) in mid- to late July

(July 20 to 24. 1981). In the same ravine, many' of the oaks

to the west of the maple clones had been heavily predated

by insects, to the extent that these oaks could be recog-

nized from a distance (Figure 12-40a and 12-40b) because

of the denuded appearance. The spring and early summer

of 1981 were times of heavy predation and partial defolia-

tion of oaks and other tree species by' insect larvae over

much of eastern West Virginia. This, however, was the most
severely affected site in the Lost River test site area. A flight
in a small aircraft over the site on October 16, 1981 revealed

a large linear swath to the west of the ravine that was
severely affected by insect damage (Figure 12-40a), Such

features (early foliage display and predisposition to insect

damage) may be indications of stress.

During collection of soil samples for geochemical analy-

sis from the ravine site, extensive development of white

fungal mycelia was seen in the soil and on stumps at a

number of sample plots. Local residents consider the ra-

vine as an excellent area for collecting mushrooms. Mycor-

rhizal fungi apparently thrive at this site, perhaps to the

extent that host tissues are damaged, resulting in the

observed stress symptoms.

Table 12-25. Soil conditions typical Ior selected woody species

occurring at the Lost River test site

Species" Soil Conditions _

Black Gum

White Pine

Bassw_d

Sycamore

Red Maple

Pin Oak

Sweet Gum

Rhododendron

Wet, imperfectly drained smls: common on borders of swamps.

Sand.',, well-drained upland sites: rarely' in swamps

Rich. moist woodland soils.

Rich boHomlands: often on b_rders of streams and lakes

Wet swamps to d O, upland lbrests: rarely on dry' rocky hillsides.

Rich, moist soils on borders of swamps and river bottomlands

Rich rw,er I:xltlomlands and borders of swamps and wet swales.

Well-drained upland slopes: common in acidic soils, rare in swamplands

"lhe species cited here are included because of their relative tolerance or intolerance of landfill conditions

(including methane-rich soil gases) according to Flower et al. ( 1981 ).

hlhe soil conditions cited are typical of soil conditions or general habitats in which these species commonl_

occur (Sargent, |965).
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Figure 12-41, Stress symptomsin vegetationoccurringat the Funk-
houser maple anomaly sites (all photographswere taken July 22,
1981): (a) early foliage display in Red Maples, due to premature
anthocyanindevelopmentin leaves;(b) interveinalchlorosis in both
younger and older leaves of herbaceousground cover (Aster, un-
identified), possiblydue to nutrientdeficiencies such as magnesium
or potassium; (c) darkening (reddening) of older (lower) leavesand
stems and chlorosis of younger (upper) leaves, possibly due to an
irondeficiency

Since the distribution of tree species may be the direct

result of their mycorrhizal fungal component's selective

ability to inhabit local soils, the anomalous distribution of

maples at the Funkhouser ravine may, be related to soil

conditions selectively favoring one fungal form over another.

Although Red Maple is known to form mycorrhizal associ-

ations (Medve, 1971), they' are very different from those

formed with oaks. The fungus associated with Red Maple

roots is a nonseptate, filamentous form belonging to the
Phrcomrcetes (Medve, 19711 and thus is similar to the fun-

gus noted by Davis (1967) as capable of oxidizing gaseous
hydrocarbons.

It may' also be reasonable to consider that the soil factors

influencing plant distribution at the Funkhouser ravine have

a strictly negative effect. If this is the case, survival of a

weed tree such as Red Maple at the site, largely' to the

exclusion of oaks, would be expected since weed trees must

be able to tolerate a variety of adverse soil and light condi-

tions in their role as pioneer plants reclaiming previously
disturbed areas. The fact that the various oaks at Lost River

dr) not function as pioneer plants attests to their intoler-
ance of such factors.

The two NS-001 supervised vegetation maps depict a

second site of high maple concentration on the Funk-

houser property, This area is a small circular zone of pure

maple (Figures 12-39 and 12-40b) on an east-facing slope.
Field examination of the area in July 1981 confirmed that

a heavy, growth of Sugar Maple occurs at this site. As noted

previously, Sugar Maple is a common tree at higher eleva-

tions. The approximate elevation of this site is only' 650 m

(1950 fly. The occurrence of dense stands of Sugar Maple
here is therefore considered anomalous. The circular

arrangement is unusual but not unique for the entire test

site (another similar arrangement occurs southeast of the

state park). Based on field observation, the circular pattern

does not relate to obvious cultural activity such as old field

boundaries, sugar bush (maple syrup) development, or gas

well drilling. The maples at this site are mature and appear
healthy. This Sugar Maple stand is within 460 m (1475 ft)

of a producing gas well (well 9302) and within 154 m (4<,5 ft)

of a gas line.

Other concentrations of maple (either Sugar Maple or

Red Maple) occur at a number of sites investigated in Jul_ r

1981. Notable among these are Site C (Figure 12-11: area

of collection of mvcorrhizal clubroots exhibiting unu,mal

characteristics in oak seedlings) and near well 9303 (a pro-
ducing well approximately 0.9 km [0.5 mi] north o! the

Funkhouser sites [Plate 12-1]). Both sites show unusually

high concentrations of maturing Red Maples. At each site,

the maples are 15 to 20 years old and occur in the margin
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of forest surrounding cultural activity (an actively culti-

vated field and the well site, respectively).

If methane is one of the soil factors influencing distribu-

tion of tree species at the two maple anomaly sites, its effect

may be the result of anaerobic soil conditions. Leone and

others (Flower et al,, 1981, Gilman et al., 1981; Leone et al.,

1977) relate the influence of landfill gases (up to 60 percent

methane, 40 percent carbon dioxide, and trace amounts of

certain exotic gases) on tree species to the development of

an anaerobic soil atmosphere in the root zone. Methane is

not seen as having a direct toxic effect.

A high degree of species and genus variability exists rel-

ative to tolerance of oxygen-deficient soils. Since concen-

trations of landfill gases (methane and carbon dioxide)

increase in the soil atmosphere with increasing depth (Flower

et al., 1981), shallow-rooted vegetation can tolerate sites

from which deep-rooted species have been excluded. Oaks

9roduce deep taproot systems (Raven et al., 1976), Field

_bservations indicate that maples in the Lost River area

tre shallow rooted (many maples were uprooted, due to

hallow root systems, by an ice storm that occurred in 1977,

vhile oaks were not).

Table 12-26 (from Flower et al., 1981) presents woody

tee species arranged in order of their tolerance to landfill

_nditions. Leone et al. (1979) report that Red Maples are

_ore tolerant of soils fumigated with simulated landfill gases

tan are Sugar Maples. Red Maples are also known to be

ood tolerant, surviving for prolonged periods in the

aaerobic conditions of water-saturated soils. Pin Oaks

:lower et al., 1981) and Black Oaks (Leone et al., 1977)

'e also less tolerant to landfill gases than are Red Maples.

aus, Red Maples are expected to occur at sites from which

:ks and other species have been excluded by anaerobic

il conditions.

Of the tree species studied by Leone and her coworkers,

,ssa svlvatica (Black Gum, Sour Gum, Tupelo, or Swamp

pelo) is cited (Table 12-26) as the most tolerant of the

aerobic root environment caused by landfill gas. This

,_cies occurs widely throughout the test site, both on and

the gas field. Where it occurs, it normally forms a low

ub thicket as understory growth below the typical oak-

kory canopy. Seldom does it achieve any significant size

:he Lost River area (80 percent of the Nrssa seen at veg-

:ion analysis plot sites were small trees and shrubs under

:m in diameter at breast height [dbh]). Black Gum trees

a trunks exceeding 10 cm dbh occur at less than 5 per-

t of the analysis plots studied in July 1981. Of the large

:k Gum trees at these sites, 80 percent occur either at

two maple anomaly sites or at sites along the gas pipe-

Tab|e 12-26, RelaUve tolerance of woody species
to landfill condlUons a

Species Rank _

Black Gum c I

Japanese Yew 2

Japan_e Black Pine 3

Ginkgo 4

White Pine _ 5

Bayberry 6

Norway Spruce 7

American Basswood _ 8

American Sycamore _ 9

Red Maple c 10

Hybrid Poplar (rooted cuttings) 11

Pin Oak _ 12

Sweet Gum c 13

Honey Locust 14

Green Ash 15

Euonymus 16

Hybrid Poplar (saplings) 17

Weeping Willow 18

Rhododendron c 19

aFrom Flower et al., 1981, p. 50.

bRank I = best growth when landfill plot is compared to control plot, i.e.,
most tolerant to landfill conditions; 19 = least tolerant to landfill condi-

tions (in the case of Rhododendron, all specimens on landfill plot died).

CSpecies occurring at the Lost River test site.

line or near gas wells. Since Nyssa is noted as commonly

occurring in saturated soils on borders of swamps and

streams (Sargent, 1965), its tolerance of landfill gas condi-

tions is undoubtedly the result of its ability to survive

anaerobic soil environments.

The so-called lower fungi (Phycomvcetes) are more tol-

erant of saturated, imperfectly drained soils than are the

higher fungi (Ascomycetes and Basidiomycetes). Since Red

Maple forms a mycorrhizal association with members of

the Phycomycetes and oaks require members of the Basidi-

om),cetes, relative tolerance of anaerobic soils by Red Maple

is likely to be related to its fungal component's tolerance of

such conditions.

Although a number of factors influencing the distribu-

tion of maples and oaks at the Lost River test site have

been identified, other unidentified factors may exist.

Topography, elevation, and slope aspect have an influence,

as do cultural activity and soil microenvironment. Indirect

evidence (concentrations of Red Maples and Black Gum)

suggests that localized anaerobic soil conditions exist over

the Lost River gas field. Future studies should be aimed at

developing a better understanding of the soil microenvi-
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ronment (through both geochemical and biological anal-

yses) and of its effect on the forest cover distribution at the
Lost River test site.

One shortcoming of the present botanical evaluation of

anomalous species distribution portrayed in NS-001 super-

vised image classifications is the lack of data for areas that

are well off the Lost River gas field. Since Sugar Maples

normally occur at the higher elevations in this portion of

West Virginia, it is not possible to locate comparable areas
(narrow ravines, 550-m [I 650-ft] elevation, etc.) within the

test site that are outside the productive limits of the Lost

River gas field. Given the lack of botanical data from simi-

lar sites of known hydrocarbon microseepage elsewhere, it

is not possible to predict the boundaries of the Lost River

gas field on the basis of the distribution of tree species.
Comparable sites to the west of the test site, which are not

near known gas fields, should be studied, and a detailed

investigation of the influence of hydrocarbons on vegeta-
tion should be conducted.

E. Conclusions

The remotely sensed detection of subtle distributional
anomalies such as those seen at Lost River may prove to

be of considerable value for biogeochemical prospecting

for sites of hydrocarbon microseepage. Vegetation distri-

butional anomalies in the form of high concentrations of

maples are noted at sites where the more typical oak-

hickory climax (successional) species should occur. It is

suggested that anaerobic soil conditions may be the cause
of these anomalies.

Anomalous distribution of weed trees, in response to
anaerobic soil conditions generated by methane-rich soil

gases, represents the response of plants to long-term soil
conditions. Use of weed tree indicators should not be site

specific since areas with differing environmental conditions

all have characteristic climax and weed species. Thus, the

approach should have broad application on a worldwide
basis. Prerequisite to the use of such an approach will be

an improved understanding of what constitutes weed trees

versus climax forest members for a particular site, as well

as recognition of past cultural activities in the area.

IX. Photogeologic Interpretation of Aircraft
Multispectral Data

A. Introduction

To evaluate the utility of multispectral data for geologic

mapping in vegetated terrain, selected NS-001 and M2S

images were interpreted using aerial photographic/geo-

morphic (Thornbury, 1965, p. 224-240) analysis proc4

dures. Images shown in Figures 12-24 through 12-2

12-36, 12-37, and 12-42 were interpreted at 1:48,000 seal,

A composite of these seven interpretations is illustrate

in Figure 12-43.

B. Results

A comparison of the published geologic map for the te

site area (Figure 12-1) to the composite interpretati,

(Figure 12-43) illustrates that structural and stratigrapt

features shown in Figure 12-1 are also delineated in Figu

12-43. The composite image interpretation also contai

geologic information not shown on the published map.

On the basis of their tonal/textural and geomorpl

expression, all previously mapped stratigraphic units c

be recognized in the multispectral images. Additiona _

several ridge-forming marker beds (resistant sandstor_

within the Hampshire Formation are traceable on the r_
tispectral images. The distinct tonal/textural characte

tics of the Rockwell Formation, which according to

published map occurs only along the axis of the Whip C

Syncline, also appear on the northeast and southwest e

of the Sideling Hill Syncline. This image-determined

rection of the mapped distribution of the Rockwell For_

tion was confirmed by field observations.

No faults are shown on the published map. On the I:

of offsets of key beds and fold axes, a conjugate set of f_

is revealed by the image data. The two fault sets (show

dashed lines, "transverse structures," in Figure 12-43) i

trends of approximately N 80°E and N 30°W. On the I

of their relatively straight trace across topography, t
structures are nearly vertical. Model experiments by D_

(1980) resulted in the development of a geometri

equivalent conjugate fault set. According to Dul

experiments, these conjugate faults are transcurrent in n

and form after the initiation of folding. Similarly, the

jugate system illustrated in Figure 12-43 is interpret _

represent transcurrent faulting associated with stress c

oped late in the Allegheny orogeny. This interpretat:

consistent with Zoback and Zoback's (1980) analysis (

state of stress in the Ridge and Valley regions as a wh(

A comparison of the locations of fold axes in the

lished map to the image interpretation demonstrate

the map is a simplified version of the image interpret

Widths of axial traces plotted on Figure 12-43 reflect
tion in axial locations as determined in the seven

interpretations. Wells of the Lost River gas field are l,

near the surface trace of the Whip Cove Anticline a

trayed in both the published and image-interprete'

logic maps.
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Figure 12-42. MzS, Mission 399, line 1, April 20, 1979 color composite

image: band 4 is displayed in blue; band 6, green; and band 9, red

N

Figure 12-43. Composite geologic Interpretation from aircraft multi-
spectral data. Compare to the published geologic map, Figure 12-1.
The dot pattern is equivalent to Rockwell (Pocono); right-sloping
diagonal, Hampshire (Catskill); dashed, Chemung; and left-sloping
diagonal, Brallier and older.
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One of the most interesting structures recognized in the

image interpretation is the apparent north-dipping planar
structure shown in Figure 12-43. On the basis of a three-

point dip and strike solution using the trace of this feature
and elevation data, the surface has a strike ofN 60°W and

dips approximately 40°N. Projection of the surface to depth
results in an intersection with the Oriskany reservoir

approximately coincident with the location of the north end

of a southern structural high recognized in the subsurface

(Figure 12-4 and Plate 12-2). Field examination of the north

end of Big Ridge (Plate 12-1) at the surface location of the
trace of this structure revealed fractured shale with slicken-

sides on joint surfaces having approximately the same ori-

entation as that predicted in the image analysis. On the
basis of these observations, this planar feature is inter-

preted to be a major shear surface associated with a CSD

type of structure (refer to Paragraph II1.B.2), which may

cut the Oriskany reservoir at depth.

C. Conclusions

A photogeologic analysis of aircraft multispectral data

acquired in the Lost River test site investigation (1) veri-

fied that previously mapped geologic features could be
discriminated and (2) resulted in new stratigraphic and

structural information. These results illustrate the utility of

multispectral data for geologic mapping in areas of dense

vegetation cover.

X. Lineament Analysis of Multispectral Data

A. Introduction

Commercial hydrocarbon accumulations at Lost River

and at other sites in the Eastern Overthrust Belt are appar-

ently confined to areas of enhanced development of sec-
ondary fracture porosity at depth (Patchen, 1969). Aerial

photograph and Landsat MSS image lineaments in the

Appalachian Basin have been interpreted as manifesta-
tions of bedrock fracture (Werner, 1976). The preparation

of lineament maps and the analysis of areal variation in

lineament density and orientation at the surface may,

therefore, be a potential means to remotely determine
locations of and areal variations in secondary fracture

porosity. Such analysis may provide information for the
identification of favorable oil and gas exploration targets.

Lineaments are relatively long and generally straight tonal
or textural features considered to be manifestations of geo-

logic structure. Although the geologic meaning of individ-

ual image lineaments is commonly obscure, many have been

identified as topographic expressions of faults, fault zones

or systems, or zones of intense jointing.

Two significant biases have been recognized in evalua-

tions of image lineament interpretations.

(1) Operator bias. Lineament interpretations for one

image by different interpreters (or one interpreter on
different dates) commonly exhibit significant varia-

tion in the location and length of individual
lineaments.

(2) Image bias. Lineament interpretations for one area

using remote sensing data obtained at different times

commonly exhibit significant variation in the loca-

tion, length, and trend of individual lineaments.

Siegal (1977) conducted an experiment that compared

lineament interpretations of five geologists who each inter-

preted five images of the same area. His rigorous statistical

comparison of the 25 interpretations clearly documents

operator and image subjectivity in determining lineament

location, length, and orientation. For the Lost River test

site study, it was thought that these biases might be mini-
mized (or at least recognized and evaluated) by using mul-

tiple interpreters and multitemporal images for lineament

analysis.

To evaluate the utility of lineament analysis for oil and

gas exploration in regions of secondary fracture porosity, a

study of image lineaments was conducted in the Lost River

area. The purpose of this investigation was to:

(1) Evaluate the effects of operator and image bias in

lineament analysis and if possible develop methods
to obviate such bias.

(2) Determine the relationship of productive areas and

subsurface structures to image lineaments.

(3) Develop techniques of lineament analysis optimized

for exploration in the Ridge and Valley Province.

(4) Compare results to those of other investigations in
the Ridge and Valley Province.

(5) Develop an exploration model that integrates the

results above and provides a geologic rationale for

the application of lineament analysis in the Ridge
and Valley Province and other fold mountain belts

characterized by anticlinal reservoirs with fracture

porosity.

If lineaments represent a surface manifestation of sub-

surface fractures, lineament analysis may additionally

provide information for the location of potential sites of

hydrocarbon microseepage and associated vegetation or soil/
bedrock alteration.
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3. Landsat MSS Lineament Analysis

Sixteen Landsat MSS images produced from data

_btained on five dill'erent dates (Table 12-11) were com-

pared for lineament content. A high-contrast, band 4, 5, 7

olor composite image for April 16, 1977 appeared to be
lost suitable for lineament interpretation (Figure 12-44).

1:500,000 positive color print of the scene was inter-

feted independently by two observers. Both used the same

rocedure. All lineaments over 2 km long (6-mm image

,'ngth) were annotated on a transparent overlay. Each

_terpreter spent 8 hours to complete the interpretation.

he two interpretations (Figures 12-45 and 12-46) were then

gitized and stored on magnetic tape tk_r computer analysis.

A qualitative comparison of these two lineament inter-
•etations reveals both similarities and difl'erences. Both

terpretations recorded two major lineament trends;

le generally, NE-SW and one NW-SE. The NE-SW-

ending set appears numerically dominant. This set

_proximately parallels the structural strike of the Central

-_palachian Mountains and may reflect the strike of major

Id axes and axial-parallel joints, faults, and bedding units.

te NW-SE-trending set may reflect the strike of features

at are transverse to the Appalachian structural grain,

"luding alignments of tbld-axis terminations and cross-

ial joints and faults.

)n the basis of lineament density', both annotations may

interpreted to show three lineament domains with NE

l-trending boundaries, The eastern one-half of both

,_rpretations represents a domain of minimum linea-

nt density. This area includes the western portion of the

e Ridge Province of the central Appalachians. Most of

western half of both interpretations represents a domain

3aximum lineament density'. This area encompasses most

he Ridge and Valley Province (the so-called "Eastern

:rthrust Belt"). The western edge of the area appears to
domain of intermediate lineament density' and coin-

:s approximately with the eastern Allegheny Plateau
dnce.

he Figure 12-45 interpretation appears to contain more

tments than Figure 12-46. Although many lineaments

tpproximately replicated in the two interpretations, three

s of variation are apparent:

) Lineaments identified by one interpreter are not

consistently identified by the other. This reflects

individual perceptual bias in lineament recognition.

Few lineaments are exactly coincident in the two

interpretations. This may be due to individual deci-
sions to locate lineaments in the middle of or on the

edge of a linear textural or tonal feature of finite
width.

(3) Lengths of otherwise coincident lineaments are com-

monly unequal in the two interpretations. This may
be the result of individual decisions to connect or

not connect series of aligned, linear textural or tonal
features.

These qualitative results are in agreement with Siegal's

(1977) statistical evaluation of operator bias in lineament

interpretation.

C. Landsat MSS Lineament Density Analysis

It was thought that the operator bias recognized in the

qualitative comparison of Figures 12-45 and 12-46 might

be obviated by evaluating relative areal variations in linea-

ment density or orientation rather than absolute lineament

location, length, or number. To evaluate the utility of

lineament density analysis, the same 5-km grid was regis-

tered to each of the two lineament interpretations. The
number of lineaments and lineament intersections was

determined lbr a 10- by 10-kin area centered at grid inter-

sections. This procedure resulted in two arrays of 1183
lineament and lineament intersection values for each inter-

pretation. These four data sets were used to statistically

compare the two interpretations and to evaluate relative
areal variations in lineament and lineament intersection

density.

The grid and sampling area dimensions were chosen in
response to the conclusions of Kulander and Dean (1978)

and Wheeler (1980). Both investigations identify distinct,

generally linear swarms of increased lineament density that
are transverse to the Appalachian structural grain and are

approximately 8 km wide. Both investigations provide evi-
dence that these swarms coincide with areas of increased

bedrock fracturing. Wheeler (1980) uses the term "cross-

strike discontinuity" (CSD) for such structural features at

high angles to the regional strike. He proposes an explora-

tion strategy' for the Eastern Overthrust Belt, which postu-
lates that sites of lineament intersection within CSI)s are

optimal exploration targets.

A linear regression analysis (Davis, 1973, Program 5.3,

p. 199) using the 1183 lineament dens ty values from the
Figure 12-45 interpretation as the independent variable, .v,

and the equivalent values from Figure 12-46 as the depen-
dent variable, r, was performed. The resulting least squares
fit was

_,- 0.63x + 1.23
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Figure 12-44. High-contrast stretch, Landsat MSS bands 4 (blue), 5 (green), and 7 (red) color composite image (April 16, 1977). A 1:500,00(
of this image was used for regional lineament analysis. The area covered by Lost River NS-O01 line 1 data is outlined.
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Figure 12-45. Regional Landsat MSS lineament Interpretation I
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Figure 12-46. Regional Landsat MSS lineament Interpretation 2
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This regression yielded a goodness of fit of 0.62 and a cor-

relation coefficient of 0.79. An F-test supports the signifi-

cance of the regression at the >99.95 percent confidence
level. These results lend statistical credence to the results

of the qualitative comparison of the two lineament inter-

pretations and demonstrate the following:

(1) The interpretations of Figures 12-45 and 12-46 differ

in the number of lineaments recognized; Figure

12-45 values are systematically higher than those of

Figure 12-46.

(2) For analysis of relative areal variation in lineament
density, the interpretations of Figures 12-45 and

12-46 are statistically equivalent.

(3) This equivalence indicates that this approach yields

repeatable operator-independent results.

Wheeler's (1980) exploration strategy implies that linea-

ment intersection density is a more useful parameter than

lineament density for exploration in the Eastern Over-

thrust Belt. Conceptually, one would expect the two

parameters to have a high, positive correlation. To test this

hypothesis, a linear regression of the 1183 lineament den-

sity values, x, and lineament intersection values, y, from

Figure 12-45 was performed. The resulting least squares fit
_as

y = 0.46x -- !.36

Fhis regression yielded a goodness of fit of 0.86 and a cor-

'elation coefficient of 0.93. An F-test supports the signifi-

:ance of the regression at the >99.99 percent confidence
evel. These results lend statistical credence to the inferred

quivalence of lineament density and lineament intersec-

ion density data.

Four contour maps were prepared from the four linea-

aent density and lineament intersection density arrays

roduced from Figures 12-45 and 12-46. The four maps

aow the same highs and lows and trends of high and low
alues. These results are consistent with the qualitative and

atistical inference of equivalency of the two lineament

iterpretations and high positive correlation of lineament

ensity and lineament intersection density.

Figure 12-47, prepared from the lineament density value

"ray of Figure 12-45, is an example of one of these four

|uivalent contour maps. The number of lineaments/

)0 km 2 varies from 0 to 45. Several locations of high

leament density and trends in lineament density are quite

)parent:

(1) The area may be divided into three broad lineament

density domains. Highest lineament density values

are confined to a generally N 35 o E trending region

that encompasses most of the western portion of the

figure. This region is flanked by domains of lower

lineament density.

(2) The largest area of maximum lineament density (red)

is located in the west-central portion of the figure.

(3) The west-central high is located on a N 33 ° E trend-

ing domain of relatively high lineament density
values; this domain contains a second area of maxi-

mum lineament density approximately 35 km to the
northeast.

(4) Another domain of relatively high lineament density

values trends N 3 ° E and includes a third high

approximately 15 km to the northeast of the west-

central high.

(5) A domain of relatively high lineament density val-

ues trending N 47 ° W is approximately 20 km south

of the west-central high.

Figure 12-47 also shows the locations of gas fields,

exploratory wells, and CSD-type features. The Lost River

gas field is located on the western flank of the west-central

lineament density high. The Inkerman gas field, the most

productive field shown, is also located on the west flank of

a lineament density high. The relationship of other gas fields

to lineament density is not obvious, and the paucity of

exploratory wells precludes evaluation of most of the areas

of high lineament density.

The trend of Wheeler's Petersburg CSD is not apparent

in the lineament density data, although the west-central

high is located approximately on the CSD. The trend of

the Parsons CSD parallels the N 47°W trending domain of

high lineament density south of the west-central high.

Wheeler's location for this CSD, however, is approxi-

mately 10 km south of the lineament density trend. The

relationship of other CSD-type features to the areal varia-

tion in lineament density is not obvious.

D. NS-001 Lineament Density Analysis

The results of Landsat MSS lineament density analysis

appear to provide useful information for determining

regional fracture patterns in the Eastern Overthrust Belt.

An equivalent analysis of NS-001 aircraft data for the Lost

River test site may provide fracture information at an

appropriate scale for direct comparison to subsurface geo-

physical and well data.
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HUNTERVILLE-ORISKANY
FIELDS AND DEEP WILDCATS

(AFTER PATCHEN, 1969, FIG. 1)
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STRUCTURAL FEATURES

LINEAMENT

ZONE (AFTER KULANDER
AND DEAN, 1978, FIG, 9)

PETERSBURG AND
PARSONS CSDS

(AFTER WHEELER, 1979,
FIG. 1)

/ _/_ AREA COVERED BY/ NS-001, MISSION 431.
_/ LINE 1. OCTOBER 21. 1980

Figure 12-47. Regional Landsal MSS lineament density boplelh map h_n an analyela of Interpratatlon 1 (Figure 12-45). Lineament tier

expressed in number of Iineaments/lO0 Ion2; color assignments: gray (0-1), light blue (2-10), dark blue (11-15), dark green (16-20), ligh

(21-25), yellow (26-30), mange (31-40), red (> 40).
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A comparison of the two sets of NS-001 images acquired
for Lost River indicated that data from the October 21,

1980 overflight revealed lineaments best. Plate 12-I shows

the area covered by line 1 of this overflight. The line covers

the entire Lost River gas field. Preliminary ewduation of

images produced from these October NS-001 data demon-

strated that a positive black-and-white, 5 by 5 high-pass
filter (with 100 percent feedback) version of the band 4

data was the most informative rendition (Figure 12-48).

As discussed above, there is a "time-of-image-acquisi-

tion" bias in lineament interpretation. An obvious factor

contributing to this bias is illumination aspect. Shadowing

of linear features preferentially highlights lineaments ori-

ented transverse to the solar azimuthal plane. Lineaments

oriented parallel to the illumination direction are subdued.

The illumination geometry for the October 21, 1980

NS-001 data should emphasize E W-trending lineaments

and subdue N-S-trending lineaments.

To obviate this bias, six versions of the band 4 high-pass

(contrast enhanced) data were produced (Figures 12-49

through 12-54). Each was processed to enhance lineaments

of a known trend. In the computer, six identical pairs of
high-pass data were superposed and then deregistered

("shifted") by six different line and sample offsets (Table

12-27). Shifted data were then added together and

rescaled. This procedure resulted in a unique, artificially

induced bias in the lineaments emphasized by each of the

six images, Lineaments trending parallel to the shift direc-
tion are subdued: those transverse to the shift direction are

enhanced. This procedure is a computer application of a

photographic enhancement procedure described by Weller
(1970).

A comparison of Figures 12-51 and 12-52 clearly illus-

trates this phenomenon. In Figure 12-52, with a N 32 ° E

shift, NE-trending lineaments are suppressed; in Figure

12-51, with a N 58 ° W shift, NE-trending lineaments are

enhanced. The analysis of lineament density using a com-

posite lineament interpretation obtained from these six

images should minimize the illumination geometry bias of
the NS-001 data. Illumination biased trends should be

diluted and "real" trends revealed. Problems of operator

bias may be minimized by using multiple observers in pre-

paring the composite interpretation.

To test the utility' of such an approach, the six shift images,

printed at 1:48,000, were interpreted by six independent

observers. Each interpreter annotated two images. The result
was two independent lineament interpretations for each of

the six images. These 12 lineament annotations were then

plotted on the same base to produce a composite (Figure
12-55).

O, lmi N

0 1 km
t t

Figure 12-46. NS-001 band 4, 5 by 5 high-pass filter image used in

lineament analysis (data acquired October 21, 1980, Mission 431, line 1)
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Figure 12-49. NS-001 band 4 shift image: shift direction

2 lines, 4 samples
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Figure 12-50. NS-001 band 4 shift image: shift direction
4 lines, 2 samples
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Figure 12-51. NS-001 band 4 shift Image: shift direction

0 lines, 5 samples
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Figure 12-52. NS-001 band 4 shift image: shift direction

5 lines, 0 samples
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Figure 12-53. NS-001 band 4 shift image: shift direction

4 lines, 2 samples
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Figure 12-54. NS-001 band 4 shift image: shift direction
2 lines, 4 samples



Table 12-27. Summary of shift image geometry for lineament analysis
(Oclober 21, 1980, NS-001 band 4, high-pass images)

t %urc Shirr' Shift |)ircction

Number l.mcs Samples (lineaments, ,_ubducd)

12-49 2 4 N _50 _r

12-50 4 2 N 5° E

12-51 {) 5 N 58 ° W
12-52 5 O N 32 ° E

12-53 4 2 N 58 ° E

12-54 2 4 N 32' \x,.

"Average pixcl - 15 m: tlight (line)direction N 32 ° li.

Shift Direction Perpendicular
(lineaments enhanced )

N5' I-.

N 85 ° W

N 32 ° ti

N 58 ° _r

N 32 ° W

N 5S o E

The procedure used for Landsat MSS lineament density'

determinations was also used to obtain lineament density

values for the composite NS-001 interpretation. In this case,

however, a 2.4- by' 2.4-kin sampling area centered on

1.2-km grid intersections was used. Assuming that the plane-

view area of lineament density do,nains approximates the

cross-section-view area of such features, this sampling area

was chosen to target producing horizons of less than

2.4-km depth,

The procedure resulted in a 9 by 24 array' of 216 linea-

ment density' values. The values ranged from 3 to 56 linea-

ments per 6.4 x l0 _ m e. Figure 12-56 is a lineament density

isopleth map produced from these data. Areas of high and

low lineament density', and trends in lineament density

variation are apparent. High lineament density values are

confined to the N 30 ° E trending central portion of the

map. Three subareas of high lineament density values (> 50)

occur in this region. Two in the south central area form a

N 35 ° E trend, The third area of high lineament density is

located on a high N 13 ° E trend. These two trends of high

lineament density are separated by a N 44 ° W trend of low

lineament density values. The lack of geometric fidelity in

the unregistered NS-001 data limits the precision of these

directional measurements to approximately + 5 °.

Figure 12-57 compares these three NS-00I trends in

lineament density, variation to those recognized in Landsat

MSS lineament data and to trends in fracture density doc-

umented by Wheeler (1979 and 1980). It is apparent that

the Appalachian structural strike and the trend of Wheeler's

(1979) Parsons CSD are revealed in both the Landsat MSS

and NS-001 lineament density analyses. The Petersburg

CSD, only weakly' expressed in a Landsat MSS lineament

density trend, is not apparent in the NS-001 lineament

density data. A previously unrecognized N 2 ° E to N 17 ° E

trend is apparent in both Landsat MSS and NS-001 linea-

ment density data.

I. NS-O01 lineament density trend surface. To further

evaluate the lineament density' pattern for the Lost River

test site, the composite NS-001 lineament density array was

used as input for trend surface analysis. The trend surface

approach was selected in order to:

(1) Evaluate the regional lineament density pattern in a

manner amenable to statistical-tests.

(2) Identify areas of statistically significant variation from

the regional pattern.

(3) Compare the results of items (1) and (2) to subsur-

['ace data available in the Lost River gas field.

Two data sets were used for trend surface analysis. Ini-

tially, the entire 9- by 24-point grid array' of NS-001 linea-

ment density' values was used as input data for Davis" ( 1973,

Program 6.3, p. 332t trend surface analysis program. These

data extended to the perimeter of the NS-001 image. A

perceptual bias, which may be called the "'edge effect,"

occurs in lineament identification. Because the area of

lineament perception must terminate at the edge of an

image, the interpreter tends to identify fewer lineaments

on the image perimeter. This generally results in higher

lineament density values in the center of an image and lower

values along the perimeter. Trend surface analysis using

the entire array obtained from Figure 12-55 is therefore

biased by' the lower perimeter values. Because of this

perimeter bias and mathematical constraints inherent in

trend surface analysis (see Davis, 1973, p. 335 337), simple

dome-like surfaces (Figure 12-58) resulted when the entire

lineament density value array was used. The second- through

sixth-degree equations were unable to accommodate sub-

tle variances in the lineament density array. The best

mathematical m_x,tel among these five trend surfaces appears

to be the sixth. This surface explains 82 percent of the vari-

ance due to the regression, with a 91 percent correlation

between the regression and the data (Appendix C, Table
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Figure 12-55. Composite band 4 NS-O01 lineament interpretation
plotted on a band 8 high-pass filler image base
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Figure 12-56. Composite NS-001 lineament density Isopleth map from
an analysis of Figure 12-55. Lineament density is expressed in num-
ber of lineaments/6.4 x 10e m2.
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C-l). Based on confidence level, however, the sixth-degree

surface is inferior to the fourth-degree surface.
defines two areas of maximum lineament density located

on a N 35 ° E trending domain of high lineament density.

A second set of data was analyzed to diminish the impact
of the biased low-perimeter lineament density values. A

7- by 22-point array, which excluded all perimeter values, was

used as input data for trend surface analysis. Consecutive

trend surfaces for degrees two through five each explained

more of the surface configuration (Table C-2). The sixth

degree failed to add a higher degree of fit. The best trend

surface model equation for the NS-001 lineament density

value array contains second- through fifth-degree terms.

This fifth-degree surface explains 80 percent of the vari-

ance due to the regression, with 90 percent correlation

between the original data and the regression surface. Fig-

ure 12-59 shows the second- and fifth-degree trend sur-

faces for this second set of NS-001 lineament density data.

2. Geologic model. Figure 12-60 illustrates the fifth-degree

lineament density trend surface, with perimeter values

excluded, plotted on an NS-001 image base. The surface

A comparison of the lineament density pattern por-

trayed by Figures 12-56 and 12-60 to the subsurface struc-

ture of the Lost River gas field portrayed by Plate 12-2 and

Figure 12-4 reveals obvious similarities in form. The linea-

ment density pattern mimics the subsurface structure.

In a discussion of the relationship of faults to folds, Hills

(1963, p. 266) wrote: "Where faults are geometrically related

to individual folds the primafacie hypothesis that they are

genetically related must be entertained." On the basis of a

similar geometric correlation between lineament density
trends and subsurface folding, lineaments at Lost River are
considered a manifestation of subsurface structure; frac-

ture density, expressed by lineament density, increases in
the crestal region of the Whip Cove Anticline East.

The well-documented subsurface structure of the Kettle-

man Hills Dome, illustrated in Figure 12-61, is considered
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Figure 12-57. Comparison of lineament density trends lrom the Lost River teat site analysis to Joint and CSD trends

recognized by Wheeler (1979, 1980)
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Figure 12-58. Resultsof trend surface analysisof NS-O01lineament
densitydata usingthe entire grid array:(a) seconddegree; (b) fourth
degree; (c) fifthdegree; (d) sixth degree.The third-<legree surface Is
notincludedbecauseof Itssirnilarltyto thesecond-degreesurface.

an analogue to the Lost River structure. Examination of

this figure reveals the correspondence between maximum

fault density and the crestal trace of the structure. Saun-

tiers (1968, p. 109-117) confirmed that fault density maps
of the Kettleman Hills Dome reveal the crestal trace. He

also applied lineament density mapping procedures, simi-

lar to those used in the present investigation, to delineate
the subsurface structure of the Nesson Anticline in North

Dakota. These observations provide a geologic explana-

tion for the apparent correlation of subsurface structural

contour maps and lineament density isopleth maps of the
Lost River test site.

XI. Radar Analysis

A. Introduction

The available radar coverage for the Lost River test site

consists of Seasat Synthetic Aperture Radar (SAR) images

at 23.5-cm wavelength (L-band) and airborne SAR images

at 2.8-cm wavelength (X-band). The identification num-

ber, date of acquisition, polarization, direction of scene

illumination, nominal ground resolution, and correlation

mode of the images are given in Table 12-28. All of the

available images were enlarged photographically to a scale

of 1:48,000 for analysis.

B. Seasat SAR Images

The Seasat SAR coverage of the test site was acquired
from two swaths with different illumination directions that

are dependent on spacecraft flight-direction bearing at the

instant of image acquisition. The data are parallel polar-

ized (HH). In both cases the coverage is situated in the far

range of the image swath (Figure 12-62). During image

(a) =

,18 _ 18, \

24

-__..

Figure 12-59. Resultsof bend surface analysis of NS-001 Ilneamenl
densitydata excludingbiased perimetervalues: (a) second degree;
(b) fifthdegree
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Figure 12-60. Fifth-degree lineament density trend surface plotted on

an NS-001 band 8 high-pass filter image base. Lineament density is

expressed in number of lineaments/6.4 x 106 m2; contour interval is 3.

acquisition, the far range of the swath coincided in posi-
tion with the distal margin of the main antenna lobe. This

condition yields a low signal-to-noise ratio and produces

images of marginal clarity, with fine topographic and cul-

tural details being largely obliterated. Thus, in this instance.

the ground resolution of the available Seasat SAR images

appears to be degraded by, a liictor of about four from the
nominal resolution of 25 m (Ford et al.. 1980). Two ima-es

provided t'rom these data are shown in Figure 12-63.

The structural strike and the dominant Ridge and Valley'
topography, in the area are oriented about N 35 ° E. The

directions of illumination of the Seasat SAR images are

about normal to the structural strike (N 67 ° W: Rev. 759),

and about 30 ° across the structural strike (N 67 ° E; Rev.

335). The tone and texture of the radar images are domi-

nated by the interaction of terrain slope and terrain orien-

tation relative to the radar imaging geometry. Most of the

terrain is sloping about 10° to 30 ° , there is very little level

ground in the area, and the inclination of the SAR imaging
beam was centered about 20 ° from vertical. Under these

conditions, the foreslopes that face the radar beam are

strongly' compressed or laid over on the images and the>'

appear very' bright. Backslopes that face away from the radar

beam are extended and appear dark on the images. Thus,

the radar backscatter is dominated by slope effects and the

images have high tonal contrast and medium to coarse
texture. These effects enhance the linear to curvilinear

Ridge and Valley topography and highlight major cross-

structural topographic features. They also produce strong
relief displacement (i.e.. distortiont and mask or distort
surface details.

Mapping of m_oor linear topographic features ahmg strike

and across strike from the Seasat SAR images lk_r the test
site compares favorably with similar mapping done From

the higher-resolution airborne SAR images and from the

multispectral scanner images of the area at a scale of about

1:200,(X)0. The scale is too small for detailed stud,,' oF the

test site, althouohe it is appropriate lbr reconnaissance stud-
ies of larger areas.

Attempts w'ere made to register digitized Scasat SAR

images to multispectral images in order to compare surlitce
details in the two data seLs. ('ommon tie points were selected,

and interpolation between the tie points was done bx com-

puter using a polynomial algorithm. The relief displace-

ment and surface distortion on the SAR images create
extreme ditticulty in locating a sufficient number of com-

mon tie points: consequently, a satisl'actorx registration was
not achieved.
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Figure 12-61. Typical domal structure exhibiting crestal fracturing, north dome of Kettleman Hills oll field, Califomia. Note the increased density

of longitudinal and transverse normal faults In Ihe crestal region (from Hills, 1963, Figure IX-16, p. 267).

Table 12-28. Characteristics of available SAR image coverage of the Lost River test site

[)ate Wavelength, Illumination Nominal
Identification Acquired cm "band Polarization" Direction Ground Correlation

M ode
Resolution, m

Seasat (Spacebornel

Rev. 759 August 19, 1978 23.5/L HH N 67 ° W 25 Optical

Rev. 335 Jul) 20, 1978 23.5i L HH N 67 ° E 25 Optical

RB-57 (Airbornel

Project 0653R I June 27, 1979 2.8,,X HH & HV S 55 ° E 15 Optical
(JSC) (125 ° )

S 35 ° W

(215 °)

Project 0653RI Janua_' 26, 1981 2.8/X HH & HV N 66.5 <>W 15 Optical

(JSC) N 66.5 _' E

"H H - parallel polarized

H V - cross polarized
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Rev. 335

3
2

1

SPACECRAFT
DIRECTION OF
FLIGHT

N

4

Rev. 759

4.
" 3 '2 1

SPACECRAFT
DIRECTION OF
FLIGHT

DIRECTION OF ILLUMINATION

_] LOST RIVER TESTSITE

Figure 12-62.Diagramshowingthe geometryof SeasatSARcoverage.The LostRiver tes!site area Is in the far range of swath4 of optically
correlatedRev.335 and Rev.759.

C. Airborne SAR Images

The airborne SAR coverage of the test site was acquired

in the summer of 1979 (at approximately the same season

of the year as the Seasat SAR coverage) and again in the

winter of 1981. The airborne SAR data are parallel polar-

ized (HH) and cross polarized (HV). The airborne SAR

images taken in summer are illuminated across strike.

looking S 35 ° W (215" azimuth), and along strike, looking

S 55" E ( 125 ° azimuth). These images have a ground reso-
lution of about 15 m, which conforms with the nominal

resolution. The airborne SAR images taken in winter are

illuminated in approximately the same directions as the

Seasat SAR images (N 66.5 ° W and N 66.5 ° E). The reso-

lution of these images is degraded in the range direction by

a factor of about four relative to the nominal ground reso-
lution. In both data sets the inclination of the radar beam

is centered about 55" from vertical. Under these condi-

tions, compression of foreslopes and extension of back-

slopes are significantly reduced, layover is eliminated, and

topographic features are enhanced by radar shadowing.

Linear topographic features along strike and across strike

are selectively enhanced or suppressed depending on their
orientation relative to the direction of scene illumination.

This characteristic of the aircraft radar data is illustrated in

Figures 12-64 and 12-65.

D. Recommendations

Constraints in time and resources precluded the analysis

of radar data in as much detail as the multispectral data.

The optically correlated aircraft SAR images have been

digitized for subsequent computer manipulation. This is

preparatory to registration of the SAR images with recti-
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Figure 12-63. Comparison of Seasat SAR optically correlated images showing effects of illumination direction: (a) Rev. 335; (b) Rev. 759. The line
border corresponds to the area covered by aircraft, line 1, multispectral data.
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fled multispectral images. The radar data can then be com-

pared with multispectral data for discriminability of

vegetation and structural analysis, and the synergistic value

of the two types of data can be evaluated. Future analysis

of radar data acquired at the Lost River test site should

also cover the following topics:

(1) Optimum imaging geometry relative to terrain slope
and terrain orientation

(2) Preferred scale of terrain analysis relative to the

ground resolution of images

(3) Topographic interpretability'

(4) Polarization effects

XII. Conclusions and Recommendations

A. Spectral Analysis in Vegetated Terrain

The analysis of NS-001 multispectral data acquired over

the Lost River test site provides insight into the utility of

these data in densely' vegetated terrain in a semihumid,
temperate climate. Evaluation of interband correlation

matrices, principal components analyses, and stepwise dis-

criminant analyses for supervised classifications reveals that,

in order of decreasing utility for vegetation discrimination,

the four most important NS-001 VNIR bands are 6. 3, 5,

and 4. The somewhat surprising absence of bands I and 2

is attributed to their high positive correlation with band 3:

the high ranking of band 5 is significant. NS-001 bands 2.

3, and 4 are of considerable value in the process of vegeta-

tion discrimination and mapping since the,_ can be used to

produce images that mimic aerial CIR photography, an

image format with which field botanists are most familiar.
On the basis of these observations, band I should be

excluded and band 5 included in design considerations for

future multispectral satellite systems optimized for vegeta-
tion discrimination.

B. Vegetation Classification Images

The techniques employed in this study for vegetation

mapping have been successful, resulting in two accurate

vegetation classification images. Such vegetation classifica-

tions have broad applications in energy' and mineral explo-

ration, forestry, ecology, and wildlife management.

C. Lineament Density Analysis

Mapping lineament density patterns, rather than consid-

ering lineaments as individual entities, provides a potential
tool for structural analysis that diminishes the effects of

operator bias in lineament interpretation. The lineament

density approach to lineament analysis also results in data

that are in a form amenable to computer manipulation and

statistical analyses.

D. Exploration Strategy

The results of the Lost River test site investigation sug-

gest a strategy for locating favorable exploration targets in

vegetated fold mountain belts. A regional lineament den-

sity analysis of Landsat MSS or similar data (at a scale of

1:500,000 or 1:200,000)can be used to identify' moderate-

sized targets. Lineament density analysis of aircraft remote

sensing data or Landsat 4 TM data (at a scale of 1:48,000)
can then be used to further refine locations of areas with

potential enhanced fracture porosity. These small targets

can then be evaluated using geobotanical, geochemical, and

geophysical techniques.

E. Direct Detection of Hydrocarbons

Addressing the problem of "direct" detection of hydro-

carbons by, remotely sensing surface alteration associated

with microseepage involves three questions:

( I ) Does the reservoir leak?

(2) Do leaking hydrocarbons alter surface material?

(3) Can this alteration be detected by remote sensing
methods?

A reconnaissance soil manganese survey' revealed anom-

alous manganese concentrations over the Lost River gas

field that are consistent with the type of alteration expected
over a leaking reservoir. However, a reconnaissance soil

microbe su_'ey of Lost River yielded results that did not

demonstrate hydrocarbon seepage. Vegetation analysis
revealed subtle vegetation distributional anomalies over the

field in the li)rm of concentrations of weed trees (maples)

at sites where the more typical oak hickory climax vegeta-

tion is expected. This anomalous distribution may' relate to
anaerobic soil conditions which, in turn, are consistent with

gas leakage from the reservoir. These anomalous maple
concentrations are shown on supervised vegetation classifi-

cation maps produced from NS-001 data.

F. Mycorrhizal Fungi

Preliminary experimental data suggest that methane may,

influence tree species distribution through direct or indi-

rect influence on the host tree's mycorrhizal fungi. Since

the state of health of mycorrhizae is likely to be a major

factor affecting forest tree distribution at the Lost River
test site, detailed field and laboratory studies of the host,

fungus relationship, in response to methane, should be
conducted.
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Figure 12-65. Aircraft X-band SAR image; look-direction (S 28: W)

is approximately parallel to the Ridge and Valley trend. Compare to

Figure 12-64.
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Figure 12-64. Aircraft X-band SAR image; look-direction (S 63 ° E) is

approximately perpendicular to the Ridge and Valley trend. Compare

to Figure 12-65.
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Lost River Rock and Soil Analyses

PREE:EDING PAGE BLANK NOT FILMED

12-87



E
0
t-
U

.Q

J¢

S
p,,

tj

>
n,,

0
--I

@

MI
I--

N

E

Z

E

12-88



Table A-2. Lost River Chernung rock <2-/an fraction trace metal chemistry

Station
Element, ppm

Mn Cu Ni Pb Zn V

55-11 37 150 110 78 140 200

55-10 98 61 110 160 200 210

55-7 74 120 74 89 130 200

4 89 210 130 99 150 220

8 84 15 44 25 84 120

12 12 610 470 98 98 150

A-3 150 36 85 210 200 210

A-6 35 52 52 660 120 170

A-9 96 300 230 110 200 190

A-10 120 50 74 74 150 220

A-15 120 210 96 280 280 260

A-16 73 73 180 85 160 200

A-18 110 90 110 220 200 250

A-19 51 76 76 230 230 250

A-21 120 56 56 90 150 240

Table A-3. Lost River Chemung rock reducing, acld-leachale chemistry

Element, ppm a
Station

Fe AI Ca Mg Co Cu Mn Zn

55-I1 5.3 I 1 26 4,5 <0.5 0,9 0.6 <0.5

55-10 15 18 24 5,9 <0,5 0.6 <0.5 <0.5

55-7 290 66 29 8.5 100 3,9 2.9 <0.5

4 25 20 23 I 1.0 <0,5 0.9 <0,5 <0.5

8 45 33 20 13,0 <0.5 0.8 1.1 <0.5

12 150 26 22 3,5 65 2.0 <0.5 0.5

A-3 29 23 27 8.5 <0.5 1,2 1.1 <0,5

A-6 300 53 18 3.0 140 6,4 0.8 <0.5

A-9 290 60 20 5.7 I I 5.2 I. I <0.5

A-IO 55 31 21 9.1 1.9 I.I 1,0 <0,5

A-15 16 16 17 53 <0.5 0.6 <0.5 <0.5

A-16 15 9 21 4.6 1,6 0.7 0.5 <0,5

A-18 670 I_) 21 4.4 250 3.2 <0.5 <0.5

A-19 18 22 19 5.3 <0.5 1,2 3.6 <0.5

A-21 41 22 22 7,9 <0.5 0.9 1,2 <0.5

B-I-Sd 7.1 4,5 23 4.8 <0,5 6.2 <0,5 1,1

B-I-Sh 21 12 27 7.7 0,5 0.7 0.5 <0.5

B-2 4.4 9.8 23 4,3 <0.5 0.8 <0.5 <0,5

B-3 19 16 26 7,7 <0.5 1.7 0,5 <0.5

B-4 200 39 54 8.1 81 5.4 <0,5 <0,5

B-5 I10 22 27 6,6 41 2.5 <0.5 <0.5

B-6 390 55 28 6.0 160 2.4 1.3 0.6

B-7 14 12 25 9.3 <0.5 I.I I.O <0.5

B-8-Sd 28 11 29 7.5 <0.5 1.3 <0,5 <0,5

B-8-Sh 48 20 43 15.0 1.3 0.8 1,6 <0.5

B-9 36 19 31 I 1,0 <0,5 1.5 3.4 <0.5

B-IO 4.4 8.5 24 5,3 <0.5 1.4 <0.5 <0.5

Blank <0.5 <0.5 21 3.7 <0.5 <0,5 <0.5 <0.5

"Values reported as ppm in solution (0.2 gm soil-_25 ml solution): multiply by 125 to obtain ppm in soil.
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TableA-4.LostRiversoilsreducing,acid-leachatechemistry

Element, ppm _

Station Zn
Fe AI Ca Mg Na K Co Cu

MI 8.2 50 36 62 5.9 9 <0.5 <0.5 5,3

M2 11 12 28 53 5.9 19 <0.5 <0.5 4.8

M3-1 1300 180 26 50 5.2 17 600 12 0.5

M3-2 440 540 27 48 3.8 17 220 3.4 0.7

M4 10 I00 30 55 3,5 17 0.8 <0.5 6.0

M5 27 17 26 56 3.4 18 0.5 <0.5 40.0

M6-1 I I 13 33 52 4.3 17 <0.5 <0.5 10,0

M6-2 8.9 33 30 48 5.8 15 <0.5 <0.5 6.7

M7 140 38 39 58 4.5 17 70 <0.5 8.9

M8-1 19 28 31 69 3.4 18 0.5 <0,5 13.0

M8-2 19 10 31 69 3.4 19 <0.5 <0.5 17.0

M9 7.3 8 22 44 3.2 15 <0.5 <0.5 1,3

MIO 9.9 6.6 27 45 3.2 16 1.0 <0,5 2.6

MII 320 34 26 50 2.7 17 140 2.9 1.4

MI2 1800 270 23 46 3.5 17 870 26 1.1

MI3 17 19 23 49 3.3 16 0,6 <0.5 12.0

MI4 6.8 14 23 44 4.0 16 0.3 <0.5 2.2

MI5-1 7.8 6.8 26 47 3.8 17 <0,5 <0.5 <0.5

MI5-2 7.8 13 26 50 4.3 18 <0.5 <0.5 0.6

MI6 100 74 27 47 6.3 17 _ 8.9 <0.5

Blank 0.5 2.0 22 40 4.2 15 <0.5 <0.5 <0.5

_Values reported as ppm in _lution (0,2 gm soil-_ 25 ml solution); multiply by 125 to obtain ppm in soil.

Table A-5. Lost River soils oxidizing leachate chemistry

Element, ppm"

Station Zn
Fe AI Ca Mg Na K Co Cu

M 1 4.4 2.7 24 37 3,7 13 <0.5 <0.5 1.0

M2 2.4 2.8 25 36 4.7 16 <0.5 <0.5 0.7

M3-1 1,6 2.2 20 33 4.1 14 2.8 9.4 <0.5

M3-2 1.8 3.4 22 38 5.3 15 0.7 1.7 <0,5

M4 2.0 2.4 25 34 3.5 13 <0.5 <0.5 0.7

M5 2.9 3.9 26 39 4.4 14 <0.5 <0.5 0.6

M6-1 3.9 8.4 20 33 4.0 14 <0.5 <0.5 <0.5

M6-2 13.0 8,3 20 35 3.7 14 <0.5 <0.5 <0.5

M7 4.1 23.0 19 30 3,8 13 <0.5 <0.5 <0.5

M8-1 5,3 6.5 21 39 3.7 15 <0.5 <0.5 <0,5

M8-2 5.9 6.3 23 38 4.0 15 <0.5 <0.5 0.5

M9 2.1 3.3 29 39 4.1 15 <0.5 <0,5 0.5

MI0 2.5 3.5 29 40 4.1 17 <0.5 <0.5 0.9

MI1 3.7 3.7 21 31 4.8 14 <0.5 <0.5 <0.5

M 12 2.2 1.7 23 40 5.2 16 2.0 11.0 <0.5

MI3 4.8 19.0 26 38 6.3 13 <0.5 <0.5 0.9

MI4 2.1 5.0 25 37 4.8 13 <0.5 <0.5 0.5

MI5-1 3.0 15.0 25 37 4.4 14 <0.5 <0,5 0.6

M15-2 2.1 58.0 19 29 31.0 10 <0.5 <0.5 1.0

MI6 1.9 3.0 24 33 4.3 15 <0.5 0.8 0.6

Blank I. I 0.9 16 27 3.4 11 <0.5 <0.5 <0.5

"Values reported as ppm in solution (0.2 gm soi1-_25 ml solution); multiply by 125 to obtain ppm in soil.
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TableA-6.LostRiversoilsreducing,acid-leachate
manganeseconcentration

Site Mn, %

M 1 0.066

M2 0.060

M3- I 0.006

M3-2 0.009

M4 0.075

M5 0.500

M6-i 0.125

M6-2 0.084

M7 0.111

M8-1 0.162

M8-2 0.212

M9 0.016

M 10 0.032

M 11 0.018

MI2 0.014

M13 0.150

M 14 0.028

MI5-1 <0.006

M 15-2 0.008

MI6 <0.006

M 17 0.058

M 18 0.005

M 19 0.042

M20 0.054

M21 0.002

M22 0.305

M23 0.012

M24 0.083

M25 0.084

M26 0.003

M27 0.002

M28 0.009

M29-P 0.082

M30 <0.002

M31 < 0.002

Site Mn, %

M32 0.006

M33 0.018

M34-W 0.050

M35 0.008

M36 0.004

M37 0.006

M38 0.040

M39 0.076

M40 0.053

M41 0.027

M42 0.035

M43 0.065

M44 0.037

M45 0.058

M46 0.055

M47-W <0.002

M48 0.039

M49 0.071

M50 0.007

M51 0.031

M52 O. 103

CI 0.012

C2 0.039

C3 0.084

C4 0.08 I

C5-1 0.105

C5-2 0.101

C6 0.045

C7-A 0.066

C7-B 0.044

J-I <0.006

J-2 <0.006

J-3 <0.006

J-4 <0.006

J-5 <0.095
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I. Modified 0.1-acre Circular Plot Method of

Vegetation Analysis

In this method, a 10-factor (BAF 10) wedge prism was
used to determine a 37-ft horizontal distance (the radius of

a 0.1-acre circle) by viewing a target (clipboard) with

markers of known dimension (two strips of white tape whose

outer boundaries were 13 in. apart). When the target markers

were properly displaced, as viewed through the prism, the

distance between the prism and the target was 37 ft. The

prism was kept at the center of the circle, and a second

person carried the target around the boundary of the plot.
All trees (any woody specimen possessing a single trunk at

least 5 ft in height) within the circle plot were tallied, and a

species count and total number of trees count were recorded.

Each species was recorded by size class (diameter at breast

height or dbh 0 to 4 in., 5 to 8 in., 9 to 12 in., 13 to 16 in.,

and over 16 in.) as determined by a Biltmore reach stick.

Shrub (woody specimens that branch at the ground level,

usually under 5 ft in height) composition was estimated,

and percent ground cover and percent canopy cover were
determined by means of an ocular tube 2 in. in diameter

(when held vertically overhead, 10 points along a diameter

transect were recorded; "plus" if canopy cover was seen

through the tube, "minus" if no canopy was seen). In a

similar manner, 10 points along a similar diameter transect

were recorded for ground cover, sighting through the ocu-

lar tube held at arm's length at a 45 ° angle ("plus" if green

ground cover was seen, "minus" if none was seen). Canopy

height was determined by using a simple triangulation

technique.

Dominance (basal area) for woody species per sample

plot was determined by means of the wedge prism. All trees

not completely offset (displaced) as viewed through the

prism were tallied. This number multiplied by 10 gives the

basal area of woody trees per acre in square feet (i.e., if

seven trees are counted, as determined by sighting through
the prism around a sample point, the basal area per acre

for that site is 70 ft2). Borderline trees were not tallied. All

trees not offset were counted regardless of size; thus, fig-

ures for some sites, especially those occupied by large

numbers of small trees close to the sample point, will seem

high to the forester (foresters commonly ignore trees with

trunks less than 4 in. dbh when making basal area
determinations).

The term "tree" follows standard botanical usage (as

opposed to that of foresters) and refers to any woody spec-
imen branching at some distance above the ground. A

"shrub" would thus be a woody species that branches at

the ground level. Young trees less than shoulder height (5 ft)

were not tallied, whereas shrubs of any size were considered

in estimating the percent of shrubs at a sample site.

II. Field Photographic Methods

Two 35-mm SLR cameras were mounted on a single tri-

pod so that each photographed the same field of view. Each

camera was fitted with a 150-mm telephoto lens. One cam-

era was loaded with Ektachrome 200 transparency film (true
color), while the other was loaded with Ektachrome Infrared

Aero film, type 8443 (false-color infrared). The camera
loaded with the infrared film was fitted with a Wratten 12

filter (minus blue) and simultaneous photographs were

taken, using the f-stop and shutter speed determined by

the true-color camera light meter.
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TableC-1.Statistics for trend surface analysis ot NS-001 lineament density values using an entire 9- by 24-point value array

Degree

M®

SS Correlation Degrees of Freedom F-Tests lbr Significantly Better Fit of Data

--R ( ssR \/orA® D_,, ,,, ,,o Con,denceTs,, Coefficient N Regression Deviation SSR(M 1) l

SSR(M) DI:R(/.4 I)

2 65 0.8084 216 5 210 79.20 22.27 2 _'s r_ r data >99.95

3 68 0.8256 216 9 206 49.00 2.26 3 vs 2 70

4 79 0.8913 216 14 201 55.43 4.81 4 vs 3 95
6.65 4 vs 2 99.5

5 80 0.8961 216 20 195 39.73 < 1.00 5 vs4 NS
3.16 5 vs 3 95

6 82 0,9076 216 27 188 32.52 < 1.0 6 vs 5 NS

@ Goodness of fit shown as percent of data explained b}.' regression of degree M.

® t:-/e_t Ibr signilicance of [M.',;R,'MSI,, I ,,:,f the Mth degree/rend regression surtilcc.

© F-to,,! li_r,;ignilicance of degrec M ] ,,ersus _,1 fi_r belier cxplanalion of lhe dala.

Table C-2. Statistics for trend surface analysis of NS-001 lineament density values using a 7- by 22-point value array,

which excludes biased perimeter values

SS Correlation Degrees of Freedom F-Tests for Significantly Better Fit of Data

Degree --R ( SSR ._ I DFo \® DFt, t.,',4 , ,©M® T,_ Coefficient N Regression Deviation SS8c'.4- tl 1

,r" o ".,.,, DF

Confidence

Level, %

2 41 0.6415 154 5 148 20.70 21.39 2 vs raw data

3 51 0.7127 154 9 144 16.51 8.43 3 vs 2

4 59 0.7672 154 14 139 14.20 4.41 4 vs 3

5 80 0.8952 154 20 133 26.83 8.02 5 w_4

6 65 0.8040 154 27 126 8.53 < 1.0 6 vs 5
< 1.0 6 vs 4

1.91 6 vs 3

> 99.95

95

99

99.95
NS
NS
90

_) Goodness of tit shown as percent of data e,;plained by regression of degree M.

® F-lc_! fi_r qgnilicance of [MSIcM,S'I,}of the J,llb degree trend regression surl'hcc.

(_1 }-lest for significance of degree M / versus M lbr better explanation of the data.
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Section 13

Coyanosa, Texas,

Petroleum Test Site Report

I. Introduction

A. Site Selection and Objectives

Coyanosa, Texas, was selected as a test site to evaluate

the utility of remote sensing for detecting relatively deep,

complex Paleozoic oil and gas traps in a semiarid, rela-

tively flat, sparsely vegetated terrain characterized by mea-

ger bedrock exposures. The site is in the prolific Permian
Basin of West Texas and is geologically and ecologically

typical of many productive Paleozoic basins in the Ameri-
can Southwest and in similar climatic zones on other con-

tinents. Production of oil and gas in the test site area is

relatively well established, the major exploration effort

having been completed during the early 1960s. Thus, site

access and ancillary data necessary for evaluating interpre-

tations of remote sensing data were available.

Additionally, earlier studies had suggested that remote

sensing data might be useful for exploration in this region,
both for the "direct" detection of surface alteration effects

associated with potential hydrocarbon seepage and for the
detection of subsurface structures based on their surface

geomorphic expression:

(I) In 1966, Exxon (Esso) Production Research Com-

pany carried out a remote sensing study of the area
with the Science Service Division of Texas Instru-

ments, Inc. (Texas Instruments, Inc., 1966). Selected

portions of this unpublished stud)' were made avail-

able to test site participants by Exxon. In the 1966

study, multispectral aerial photography and aircraft-

acquired radar and da3,time/nighttime thermal data

were interpreted (Appendix A). Results suggested that

surface geomorphic features in the Coyanosa area
correlate with subsurface structure. Field spectral

(2)

(3)

measurements in the 0.4- to 0.9-_m range were also

acquired at 26 sites. Eight of these spectra, which

were acquired at sites over known oil and gas pro-

duction, were interpreted as "anomalous." The crite-

ria used for identifying anomalous spectra were not
defined.

Trollinger's (1968) interpretation of Gemini photo-

graphs of West Texas showed that previously

unrecognized geomorphic features could be used to

delineate some of the major subsurface structures of
the Permian Basin.

A 1973 study by Saunders (discussed by Halbouty,

1976, p. 779) noted linear and curvilinear tonal fea-
tures on early Landsat satellite images that coin-

cided in location with some of the major subsurface

structures of the Coyanosa test site area.

B. Test Site Operations

This section describes the various investigations con-

ducted during the Coyanosa test site study. The study began

with a review of available published and unpublished
information and a reconnaissance field examination of the

test site area. This information was used to plan vegetation,

soil/rock geochemistry, and field reflectance surveys of the
area.

Initially available remote sensing data consisted of the

data acquired for the 1966 Exxon study and Landsat

multispectral data. Subsequently, NASA-Johnson Space

Center acquired aircraft multispectral and radar data. The

multispectral data were digitally processed by JPL and dis-

tributed to participants for further processing and inter-

pretation. Seasat radar data were also acquired. Image
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interpretations defined features that were subsequently

checked in the field and compared to available published

and unpublished intk_rmation.

To evaluate the possibility of the alteration of soil/rocks

due to potential hydrocarbon microseepage, a major effort

was made to acquire samples for geochemical analysis. These

samples were analyzed in laboratories of Geosat member

companies, principally Phillips Petroleum.

II. Geographic Setting

A. Location and Access

The Coyanosa test site is a rectangularly' shaped region

trending northwest-southeast and covering a 1400-kin: area

in the Trans-Pecos Region of West Texas (Figure 13-1),

The site is in northeastern Reeves County and northwest-

ern Pecos County. The northern boundary of the test site

1030 30' 103 ° 15" 1030 Off

[ f

TEST SITE

• TEXAS

/
I, 2800

I
103o30 ' 103015 , 103000 ,

0 5 1Omi
L , L I L I I
0 5 1Dkm
LliLiL i

FORT STOCKTON

20 km

Figure 13-1. Location map showing the Coyanosa, Texas, test site (topographic contour interval 100 It, datum sea level). Key physiographic

and cultural features useful for geographic relerence are shown. The circular feature in the west-central test site is a tire testing track,

which is also shown in many subsequent figures.
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corresponds approximately, with the Pecos River. The loca-

tions of the corner points are, clockwise from the northeast

corner, lat. 31°20 ' N, long. 102°57 ' W: lat. 31°06 ' N, long.
102°59 'w; lat. 31 °16' N, hmg. 103030 'W: and lat. 31°30'N.

long. 103025 ' W.

The city of Pecos is about 5 km (3 mi) west of the west-

ern edge of the site, and the city of Fort Stockton is about

26 km (16 mi) southeast of the eastern edge of the site.

Regional access to the test site is by automobile along U.S.

Highway 80 and Interstate Highway 20 through Pecos.

Specilic access to the test site is from U.S. Highway 285
and Ranch to Market Roads 1450 and 1776: both are good

all-weather roads. Additional access is available along

unnumbered public paved and dirt roads. Access to field

sampling locations and areas for lield checking of remote

sensing data is along ranch and oil field roads where per-

mission tbr access had been granted b,v the landowner.

B. Climate

The test site is characterized by a hot, dry. subtropical

desert to steppe climate. Monthly mean air temperatures

and normal precipitation are given in Table 13-I.

C. Physiography

1. Topography. The test site is located on a gentle plain.

tilted slightly, to the north, with a slope of about 12 ft/mi

from the southern boundary to the Pecos River Valley.
North of the river, the land slopes to the south about 50 ft
mi. The Pecos River crosses the site from west to east near

the northern boundary. Numerous tributaries, all intermit-

tent streams, flow south to north across the plain. Some of

the larger tributaries have formed broad U-shaped valleys
with maximum local relief of 30 m (100 ti). The Pecos River

is interpreted to have slowly migrated northward down a

gentle slip-off slope, while the north side of the river is a

receding undercut slope.

Higher relief ridges were formed by outcrops of Creta-

ceous rocks ahmg Barrilla I)raw. or b\ what appears from

aerial photographs to be areas of Cretaceous subcrops ahmg

Hackberry Draw. On the plain of the central test site area,
there are a number of shallow depressions. Some of these

features may be sinkholes ti_rmed b\ differential solution

of the underlying ('retaceous carbonate bedrock, but most
appear to be shallow areas of internal drainage caused bv

incipient sinkholes in a caliche soil horizon.

2. Landforms. The most prominent regional landtbrms
are the relatively high relief" valley walls ahmg Barrilla Draw

and Hackberry Draw and the northern terminus of alluvial

fans originating in the Barrilla and l)avis Mountains,

approximately 65 km (40 nil) southwest of the test site area.

The relatively high relief valley walls occur on the east
and west sides of a stable block of Mesozoic bedrock in the

west-central part of the lest site. According to Malev and

Huflington (1953), evaporites of the Permian Salado and
Castile Formations have been differentially removed bx:

solution, and the overlying strata have collapsed, ti)rming

depressions now tilled with Cenozoic sediment. The val-
leys of Toyah ('reek, Barrilla l)raw, and Hackberrv l)raw

Table 13-1. Mean air temperature and normal precipitation for the Coyanosa test site a

Mean Air Normal Precipitation, mm

Month Temperature. Pccos ('oumv. Reeves Count,. Ward ('ounp,,

"(' |:1. Stockton galmorhca Mtmahan +,

Januarx 7.5 16 16 20

I:cbruar\ l0 14 12 10

March 12.5 II II g

April 17.7 20 15 19
Ma; 22,5 40 3g 4[

.Itmc 25 3"/ 37 31)

.ltt]'_ 27,5 35 4t) 44

August 27.5 32 35 36

September 22.5 35 42 35
()clobcr 175 33 32 3S

November 10 15 13 9

I)ccembcr 75 12 12 14

Annual 175 31)1 305 306

'|:roln "/i,xa.s ,,lhnanac (1978).
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are areas of relatively thick Cenozoic fill probably overly-

ing such areas of salt solution. The intervening blocks have
little or no Cenozoic fill and are interpreted to be essen-

tially unaffected by the salt solution.

The alluvial fans occur in the southernmost part of the

site. They are the northern terminus of large dissected fans,

which are made up of volcanic and carbonate rock frag-
ments derived from the Barrilla and Davis Mountains.

Chemical processes, including solution of Cretaceous

carbonate bedrock and subsequent deposition of caliche,

comprise the main form of weathering in the test site area.

The alluvial fan material is superimposed on the under-

lying chemical weathering regime. One other local geo-

morphic process is noteworthy. Evaporite deposits, mainly

gypsum, form in Toyah Lake (a playa lake) and are trans-

ported eastward by the prevailing wind. Gypsum dunes are

present east of the lake along the western edge of the test
site. Windblown gypsum and quartz sands are also present
at the surface for a distance of 6 km (4 mi) east of the lake.

III. Geologic Evolution

A. Introduction

The Coyanosa test site lies within the Delaware Subba-
sin of the Permian Basin of western Texas and southeast-

ern New Mexico, a major petroleum-producing province

approximately 300 km (200 mi) long and 150 km (100 mi)
wide. Major subsurface stratigraphic units recognized in

the area are summarized in Table 13-2. The surface geol-

ogy of the test site is shown in Figure 13-2. Major regional

geologic features of this part of the mid-continent of North

America are shown in Figure 13-3; Figure 13-4 is a regional
cross section of the Delaware Basin. The following is a

description of the stratigraphic and tectonic evolution of

the area based, except where otherwise noted, on the

description by Adams (1965).

B. Pre-Ordovlclan

During the Precambrian, the test site area, together with

the rest of North America, was a part of a Precambrian

super continent. During the late Precambrian or early
Paleozoic time, continental rifting took place roughly par-

allel to the present-day Gulf of Mexico. A proto-Atlantic

Ocean probably extended into the area of the Gulf (Keller

and CebuU, 1973). Initial rifting in the vicinity of Texas

may have been punctuated by two triple junctions, the failed

arms of which developed into the early Paleozoic Tobosa
and Oklahoma Basins (Burke and Dewey, 1973; Nicholas

and Rozendal, 1975; Figure 13-5). During the early Paleo-

zoic, the test site lay in the Tobosa 13asin-a broad, gentle
N-S-oriented downwarp situated between the Concho and
Diablo Arches.

The Upper Cambrian Wilberns Sandstone is known in

the Val Verde Basin and is thought to be present in the

Delaware Basin (Hills, 1968), but knowledge of its extent

there is limited by few exploratory drilling penetrations of

the basal part of the sedimentary section, it is probable
that the Wilberns was deposited over much of the Dela-

ware Basin as a basal transgressive sandstone, but parts or

all of it may have been removed by subsequent erosion.

C. Lower and Middle Ordoviclan

The early passive Atlantic-type margin was followed in

the Late Ordovician by the initiation of subduction and

subsequent volcanism. In the Tobosa Basin, a flat, broad

coastal plain was developed across which the northwest-

transgressing Early Ordovician Ellenburger Sea spread a

sedimentary wedge of near-shore elastics and shelf carbon-
ates. Due to restricted circulation, evaporites and dolomite

were locally deposited. About 700 m (2000 ft) of Ellenbur-

ger dolomite underlies the test site (Adams, 1965). During

the Middle Ordovician, the Simpson Group, consisting of

sandstone, shale, and limestone, was deposited in the basin

in the vicinity of the test site, elastic sediments were derived
from highlands adjacent to the basin in the north, east, and

northwest. Presently, 350 to 700 m (1000 to 2000 ft) of

Simpson strata are in the subsurface of the test site.

D. Upper Ordoviclan, Silurian, and Devonian

From Late Ordovician through Devonian, there was rel-

atively rapid subsidence of the Tobosa Basin. The supply

of elastic detritus was insufficient for sedimentation to keep

pace with subsidence. Much of the basin was starved,

resulting in the deposition of a dark deep-water dolomite
and siliceous limestone facies surrounded by a shelf facies

of light-colored chert and dolomite.

The Upper Ordovician Montoya Formation consists of
chert and dolomite and is 80 to 160 m (250 to 500 fl) thick

in the subsurface of the test site (Vertress et al., 1959). The

Hunton Group of Silurian and Deyonian age consists of
limestone, dolomite, and chert, and attains a thickness of

about 500 m (1500 r) in the area.

E. Late Devonlan-Mississipplan

During Late Devonian and Early Mississippian time,
uplifts in local areas resulted in the erosional truncation of

Upper Ordovician through Devonian strata. Terrestrial

clastics were deposited in a transgressing sea. Horack (1974)
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Table 13-2. Summary of subsurlace stratigraphy and producing horizons for major oil and gas pools of the Coyanosa test site area

System Series Group Formation

Quaternary ............................

Cretaceous Comanche Fredricksbur_g

Trinity

ITriassic Dockum Santa Rosa

Tecovas

..... = ........ ====

Permian

Ochoa Dewey Lake

Rustler

Salad•

.......... L ....... Castile.........
Guadalupe

Leonard

Delaware
Mountain

Bone Spfng

Bell Canyon

Cherr_Canyon

Brushy Canyon

Member/Informal

Subsurface Unit

Lamar shale

Local limestone

Delaware sand

Wolfcamp , Wolfcamp limestone

Wolfcamp shale

Coyanosa conglomerate

Wolf camp conglomerate

Pennsylvanian Strawn Black Shale

Atoka Lower Pennsylvanian

Morrow

Mississippian Chester Barnett

Mississippian limestone

Kinderhock Wood ford

Siluro-Devonian Hunton Devonian

Silurian shale

Fusselman

Ordovician Upper Montoya

Middle Simpson

Lower Ellenburger

Precambrian

• Oil-producing interval.

O Gas-producing interval.

Major Field-Producing Interval,

depth in ft

Waha CoyanosaWorsham Bayer

• 2,800

0" 4,900 O•

O e 7,500

• 11,000

O- 12,800

O

O

O

• 4,700

• 7,500

4,800 O" 5,0OO

• 5,900

• 8,700

9,700

• 10,000

0 O, ]o,3oo

0 0 13,800

O

0 16,000 0 16,500 O e 14,200
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Figure 13-2. Geologic map ot the Coyanosa test site, showing paucity of outcrops (dark areas) and lack of surface faulting In this interpretation

(compiled from Barnes, 1976, and from unpublished data from Texas Instruments, Inc., 1966). The circular tire testing track is also shown because

this feature is a useful geographic reference for comparing this map to subsequent images.
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Figure 13-3. Map showing the major tectonic elements of the southern mid-continent of North America. A-B is the location

of the regional cross section shown In Figure 13-4 (from Nicholas and Rozendal, 1975, Figure 6, p. 198)
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Figure 13-4. Regional cross section of the Delaware Basin (Holmquist, 1965, Figure 3). Refer to Figure 13-3 for location.
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Figure 13-5. Map showing the major pre-Ordovician tectonic elements of the southern mid-continent of North America

(modified from Adams, 1965; Nicholas and Rozendal, 1975)

has proposed extensive Antler-related uplift during this
period and has suggested early' subdivision of the Tobosa

Basin by the Central Basin Platform. Most authors (Adams,
1965: McGlasson, 1969: Nicholas and Rozendal, 1975:

Vertress et al., 1959) believe that major uplift and subdivi-

sion of the basin occurred later and that the slight uplift

during Late Dewmian was related to Ouachita stresses. The

terrestrial elastics deposited in the vicinity of the test site

consisted of dark-brown to black sapropelic, highly radio-

active, organic-rich shales and minor cherts of the Wood-
fi3rd shale (McGlasson. 1969). About 130 m (400 1i) of the

Woodfl)rd is present in the subsurface of the test site. In
the area, the Late Mississippian was characterized by the

deposition of dark-gray' and brown clay shales in the starved
Devonian depressions. Landward, the thick basinal shales

grade into shell" limestones.

F. Tectonism

During post-Mississippian time, the Central Basin Plat-
f'ornl divided the Tobosa Basin into the Delaware and

Midland Basins (Figure 13-3). The Val Verde Basin devel-

oped at the southern termination of the platform. Defor-
mation associated with this subdivision was the resuh of

continental margin tectonism that led to the Ouachita

orogeny. The type of plate boundary activity that pro-

duced the orogeny is poorly understood. Keller and ('ebull

(1973)suggested a model modified from Dewex. and Bird

(1970) that included an Early Ordovician north-facing sub-

duction zone, followed by the formation of an orogenic

welt in Mississippian and Pennsylvanian times, and an

orogenic culmination in Early Permian with the northward
movement of thrust sheets off the flank of the mobile core,

Others (Briggs and Roeder, 1975: Graham et al.. 1975:

Wickham et al.. 1976) have suggested that the subduction

zone was south dipping and resulted in an arc-c_,ntinent or

continent-continent collision beginning in Early Pennsvl-
vanian and terminating in Early, Permian.

G. Pennsylvanian

During Early Pennsylvanian, there was rapid _ubsidence
in the Delaware Basin, and starved shale-basin conditions

prevailed throughout the Penns,vlvanian. Earliest deposi-
tion was restricted to the area north of the test 4to. Later,

sediments reaching the deep basin came from the uplifted
area to the east and consisted of a thick wedge of chert

conglomerate and shale. Some slightly younger limestone

and dolomite units were deposited on shallow shelxes. The

total preserved thickness of Pennsylvanian rocks in the
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subsurfitce of the test site ranges from about 350 to 700 m

( 1000 to 2000 ft).

H. Permian

('ontinuing orogenic movenlent to the south of tire l)el-

aware Basin during Early Permian resulted in several

thousand feet of uplift in the Central Basin Platform area

and the formation and lilling of deep Itanking troughs with

elastics (arkosic boulder conglomerates, sandstones, shales.

and detrital limestones), cherts, and authigenic limestones.

The elastics were apparently derived from rising moun-

tains to the northwest, west, lind southwest lind were

distributed b\ turbidity flows. Areas in the northern,

northwestern, and northeastern parts of the Delaware Basin

were essentially, elastic free: shelf-ed-cv reefs developed on

limestone platl\)rms. A total of 875 to 1750 m {2500 to 5000

ft) of Wolfcampian rocks are preserved in the subsurfitce
of the test site.

During Leonardian time, subsidence in the Delaware

Basin slowed. Erosion of the highs to the west and north-

west resulted in a decrease in the amount and grain size of

the elastic detritus. Sedimentation was dominated by dark

limestone, shale, and fine-grained sandstone, but also

included diatomite and chert. Most of the clastics were dis-

tributed by turbidity flows. The ('entral Basin Platform

continued to rise slowly and was capped by shell" lime-

stones. Limestone shelves bordered by reells also dcvel-

oped along the southern lind western margins ofthc basin.

About 525 m (1500 t't) of Lconardian stral:.l are present in

the subsurface of the test site (Hills, 196g).

The Guadalupean Epoch was characterized by reef

growth. Tectonic activit,, was reduced and structures wcrc

formed primarily by draping over older tectonic features.

Reel" formation in a time of slowl.v rising sca level contrib-

uted to reduced circulation and the precipitation of evap-

()riles overlain by continental and lagoonal sands lind clavs.

The basin margins consisted of reef-bordcred limestone

shelves. The ('apitan Rcef complex developed along the

eastern edge of the Icst site.

Deposits in the deep Central Basin consisted mainly of

sandstone and silts(one with some shale, bentonite, and

limestone. Some terrestrial elastics flowed through surge

channels in the reefs and were deposited as steep cones on

tahls slopes in front of the reeEs until they became over-

steepencd: elastics _cre then spread as turbidity flows

westward across the basin lloor. ('arbonate-shelf sands were

similarly distributed. With thc rcstriction of the basin b',

reel" growth to the south in early Ochoan time, the entirc

basin became a deep evaporitic lagoon, l)uring mid-Ochoan

time, the basin sagged and the lagoon expanded eastward

and northward. The Permian closed with the deposition of

marine limestone and dolomite and fine red elastics.

I. Triassic

During Early and Middle Triassic time. epeirogenic uplift

exposed the area to erosion (Hills, 1968,): but b'_ Late

Triassic, subsidence along the eastern edge of the l)ela-

ware Basin occurred again, resulting in the deposition of

continental clastics. Rocks of this age represent the oldest

units exposed at the surface in the area of the test site (Fig-

ure 13-2). The l)ockum Group is represented h,, about

90 m (275 li) of red to dark yellowish-orange shale, siltstone.

sandstone, and gravel conglomeratc in a few scattered out-

crops in the western half of the tcst site.

J. Cretaceous

Tile area remained emergent through Jurassic timc. but

during Early Cretaceous. the sea advanced fronl the south-

east across the test site area. Outcrops o1" sandstones and

limestones of the ('omanchean Series in the test site area

are representative of this marine incursion.

K. Tertiary-Quaternary

l)uring the early Tertiary, the Davis Mountains south-

west of the test site _ere uplifted lind faulted: lava /lo_s

then buried exposed Cretaceous rocks. Uplift of the north-

ern Trans-Pecos and adjacent areas in New Mexico in mid-

Tertiary times tilted the veest flank of the l)elaware Basin

(l-tills, 1968). During the post-Permian to Holoccne. differ-

ential solution o1" Permian salt controlled the thickness of

I.ate Tertiar\ and Quaternar) Basin fill derived from the

Davis Mountains and the mountains of central New Mex-

ico. Male,, r and Huflington (1953) havc shown a close rela-

tionship between areas of thin Permian sail and those of

thick basin till. The marked thickening of basin fill near

the eastern edge of the test site (Figure 13-6) is thought to

be related to selective solution of Permian salt beds over

the older Capitan Reel" front, which caused warping, frac-

turing, water percolation, and solution of superjaccnt strata

(Adams. 1944L

An extensi_c region, including much of the stud,, area.

has existed as a complex of pedimcnt surfaces since lit least

mid-Tertiar,, time. and the through-ltowing Pecos River.

near its present position, has controlled sedimentation in

the region (Leonard and f:rxe. 1962). The sediments

consist of coarse colluvium interspersed with strips of

alluviunl along the tributary streams of the Pecos River

drainage. In addition to pediment graxels and clay-

textured alluvium, the present surlhce is also characterized
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-- 100 -- THICKNESS OF CENOZOIC FILL

(CONTOURS IN ft, INTERVAL: 1O0ft

• APPROXIMATE LOCATION OF WATER

WELL WHICH ENCOUNTERED OIL AND

GAS AT A DEPTH OF APPROXIMATELY 280 ft

: O/L/GAS FIELD PRODUCTIVE AREA

Figure 13-6. Isopach map showing the thickness of Cenozoic till (after unpublished data from the
Geo-SearchCorporation,Midland,Texas)

by' less extensive lake and terrace deposits. Some dune sand,

especially east of Toyah Lake, is also present (Figure 13-2).

The paucity of bedrock exposures and the masking effect
of the thick alluvial, eolian, and residual soil cover make it

dillicutt to detect structural features in the test site area.

According to Ogilbee and others ( 1962, p. 21):

Although the Cretaceous and older rocks in Reeves

Count,,' are cut by man',' faults, the trace of most of

them is obscured by the mantling Cenozoic alluvium.
The bedrock surface in areas where no alluvium is

present is characterized by, the traces of many faults ....

Available geologic maps (Figure 13-2) and near-surface

cross sections (Figure 13-7) therefore portray only the
broadest aspects of surface geology and show little structm e.

IV. Subsurface Geology and Producing
Reservoirs

A. Introduction

The Coyanosa test site lies in the prolilic West Texas

region, an area which accounted for 22 percent o1"the total

U.S. oil production in 1967 (Galley, 1971). Located in the
Delaware Subbasin of the Permian Basin. the test site area

encompasses three major oil and gas lields (Worsham

Bayer, Waha, and Coyanosa: Figure 13-8) and over 55

minor fields and pools. Available field/pool names, discov-

ery dates, producing depths, and cumulative production for
fields in the test site area are summarized in Table 13-3.

Production in the area is from Paleozoic reservoirs of Per-

mian to Ordovician age (Table 13-2). Producing horizons

range from depths of approximately 1000 m (2800 1i) to

over 5500 m (16,500 ft). In general, oil is present in shal-

lower reservoirs and gas in deeper reservoirs. Most deep

traps are on faulted anticlines. Shallower reservoirs are

incipient drape features controlled by these deeper anti-

clines or are stratigraphic traps created by, facies changes

associated with paleotopographic highs controlled by the
deep-seated structure. Therefore. shallower trap, tend to
be stratigraphic with primary porosity and deeper traps

structural with fracture porosity'. A review of the geo-

graphic, structural, and stratigraphic distribution of reser-

voirs in the test site area leaves the impres>ion that

commercial hydrocarbon reserves occur anywhe[e there is

porous rock with closure. Apparently, the Mis_,issippian.
Pennsylvanian, and basinal Permian shales are -;uch pro-

lille source rocks (Hohnquist, 1965, p. 263) that all poten-

tial reservoirs are hydrocarbon-bearing.
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Table 13-3. Cumulative oil and gas production for selected Coyanosa lest site fields/pools

through December 31, 1979"

Discovery. Cumulative Production
Field Name

Date Depth, ft Gas, MCP Oil, kbbP

Athey/Bone Springs 1966 9.100 159

Athey/Wolfcamp 1967 II 200 39,552 1.280

Athey/Wolfcamp 1966 11,600 107.447 1.146

Athey/Penn 1969 11,280 I

Athey, E/Wolfcamp 1967 11,500 549

Cable/Delaware 1978 5,200 12

Cable/Wolf cam p 1953 10,800 5

Coyanosa/Cherry Canyon 1965 5,900 90

Coyanosa/Delaware 1959 4,790 873

Coyanosa/'Lamar 1959 4,780 80

Coyanosa/Wolfcamp 1970 11,600 18,174.870 3,671

Coyanosa/Devonian 25,562.398

Coyanosa/Ellenburger 12,966,398

Coya nosa/M ississippian 10,500 2,840.903

Coyanosa, N/Bone Springs 1963 8,700 8

Coyanosa. N/' Delaware 1966 4,800 8 t 6

Coyanosa. N E/'Delaware 14,572

Coyanosa, S ::Mississippian 1977 11,400 46,628 9

Coyanosa. S/Cherry Canyon 1965 6.000 9

Coyanosa, W/Delaware 1962 5,300 160

Riplinger/Devonian 97.755

Scott/Cherry Canyon 1978 6, I00 1,039.861 43

Scott/Delaware 1946 4,200 41.923 949

Sunni/Cherry Canyon 5,900

Survey 16 10,300 1,316,770

Waha/Delaware 1960 4,800 2.428.926 920

Waha/Dewmian 5.474,207

Waha/Ellenburger 7.929.590

Waha/Mississippian 8.854,452

Waha/Monloya 1.280,185

Waha, N/Delaware 1960 4,900 58,679 4,925

Waha. S/Delaware 1963 3,450 6

Waha. W/Delaware cons. 1974 6,500 6,197 900

Waha, W/Delaware 1961 5,O(/O 1,928

Waha, W/Delaware 5500 1963 5,500 189

Waha. W/Delaware 5800 1963 5.800 187

Waha. W/l)elaware 6050 1962 5,700 373

Waha. W,Delaware 6250 1972 6,200 2

Waha. W,:l)elaware 6450 1962 6.450 730

Waha, W ,'Ellenburger 6,943,861

Worsham/('astile 1960 2,800 16

Worsham ,'('herry Canyon 1967 6,280 2.605,320 30

Worsham / l)elaware 1960 4,9(1.11 1,489,485 935

Worsham, I! ,'Cherry Canyon 1.491,649

Worsham, N/Devonian 337,966

Worsham. N Ellenburger 89,762

Worsham. N Fusselman 1,412,970

Worsham, S ,'('astile t962 3.660 0.4

Worsham. S:Delaware lower 1962 6.500 I

Worsham, S/Delaware 1961 5.050 338

Worsham. SW Delaware 1963 1,500 239

Worsham Bayer,,: Pennsylvania 1967 12.800 1,281,362 159

Worsham Bayer :Wo[fcamp 1964 11,000 0.5

Worsham Bayer Atoka 175,958

Worsham Bayer/Devonian 3,117,636

Worsham Bayer,' [",llenburger I11,138,4/17

Worsham Bayer |:usselman 37.247

Total I 17,402.936 21.739

qcxas Railroad ('ommission, Oil and Gas Divisiori ( 19801.

I_M('F thousands ofcubic feet.

_kbbl thousands uf42-gallon barrels.
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B. Exploration History

Prior to organized petroleum exploration, both Native

Americans and pioneer settlers were aware of oil seeps in

the vicinity of the test site (Warner, 1939, p. 313). The first

indication of deep hydrocarbon reservoirs was provided by
two water wells drilled in the area in 1901 (Warner, 1939,

p. 314):

(I) Near Toyah Lake, on the western margin of the test

site (Figure 13-6), a well encountered oil and gas in

Cenozoic alluvium at depths of 50 to 90 m (155 to
280 It).

(2) Approximately 13 km (8 mi) east-northeast of the
southeast corner of the test site, a well encountered

oil at a depth of 20 m (60 ft).

The major exploration effort in the area occurred between
1959 and 1966. Since that time, development and step-out

drilling have added additional reserves. In the last few years,
there has been renewed drilling activity in areas adjacent

to established production. Discoveries were the result of

seismic and subsurface geologic investigations from which

the present understanding of the complex subsurface geol-

ogy of the test site area gradually emerged.

Figure 13-14 shows major subsurface faults reported in

the literature. An examination of this figure reveals a lack

of subsurface faulting in the western half of the test site

area. This absence is considered a product of the inade-

quacy of available information, rather than an accurate

portrayal of the subsurface picture. The absence of any faults

in subsurface maps (Figures 13-6, 13-9, and 13-10) is simi-

larly a result of a lack of fault interpretation in contouring,

rather than a real lack of faulting in the horizons contoured.

D. Production and Reserves

Figures for the estimated reserves ofoil and gas for indi-

vidual producing fields within the test site area are not
available. Proved reserve figures are available for District 8
of the Oil and Gas Division of the Texas Railroad Com-

mission (1980). District 8 covers 20 West Texas counties

including the portions of Pecos, Reeves, and Ward Coun-

ties within the test site. For this district, proved reserves of
oil, as of December 3 I, 1979, are 2,272,404,000 barrels. The

estimated ultimate recovery of natural gas, as of December
31, 1979, is 38,593,978 thousand cubic feet (MCF). Gen-

eral field data and cumulative production statistics for the
fields within the test site are shown in Table 13-3.

C. Reservoir Structure and Stratigraphy

An angular unconformity at the base of the Permian

separates Guadalupe and Castile Reef traps from underly-
ing structural/stratigraphic traps (Hills, 1970, p. 1818-1819:

King, 1959, p. 39). Post-Atokan/pre-Strawn tectonic activ-

ity created folds and the high-angle reverse and normal

faults that provide structural closure in pre-Permian rocks

(Holmquist, 1965, p. 263). Throughout the history of the

basin, incipient structurally positive areas were formed on

basin-margin faults, hinge lines, and horst blocks. These

incipient features produced topographic highs which, at
times, acted as the source terrain for detritus that shed into

the Central Basin. Great elastic wedges, such as the Per-

mian Coyanosa conglomerate, create excellent strati-

graphic traps (Holmquist, 1963, p. 264). These wedges were
often modified by large-scale submarine slides that further

complicate the subsurface structure (Guinan, 1971).

The complex subsurface picture has largely been masked

by Triassic through Quaternary' strata exposed at the sur-

face. The attitude of these younger units is primarily a

response to solution of the lower Ochoa evaporite sequence,

not to the pre-Ochoan structure (Ogilbee et al., 1962,
p. 20). A series of subsurface structural contour maps and

cross sections (Figures 13-9 through 13-13) are provided to

illustrate this complexity.

The potential for future discoveries within the test site
area is limited. Precambrian basement has been drilled in

several fields: present production is from the deepest known

producing horizons, which are at depths exceeding 7000 m
(20,000 It) in some fields. Small field/pool discoveries in

shallower horizons may provide additional reserves, but it
is doubtful that new reserves similar to those discovered in
the 1960s exist in the test site area. There is. however, the

potential for establishing significant reserves elsewhere in

the Delaware Basin. particularly' in areas to the west and

south of already established production in the test site.

V. Vegetation

A. Introduction

A field vegetation study was conducted in the test site

area to provide information on plant cover that could be

used in the evaluation of remote sensing data. Nineteen

sampling sites were established in relatively' undisturbed

areas of homogeneous and typical vegetation cover (Fig-
ure 13-15). These sites were visited bimonthly between June

1980 and September 1981 to detect an,,' seasonal variation.

On September 6, 1981, percent ground cover was deter-
mined at 13 sites along two 33-m (100-ft) transects run at

right angles to one another at each site.
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Figure 13-9. Subsurface structure on top of the Rustler Formation (Ochoan) (after unpublished data from the Geo-Seamh Corporation,

Midland, Texas)
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Figure 13-10. Subsurface structure on top of the Lamar shale (Guadalupean) (after unpublished data from the Geo-Search Corporation,
Midland, Texas). Cross section A-B is shown in Figure 13-11.
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Figure 13-11. Cross section showing Lamar and Delaware productive intervals in fractured reservoirs of the Coyanosa field

(Wilson, 1969, p. 68). See Figure 13-10 for location.
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Figure 13-12. Subsurface structure on top of the Ellenburger Formation (Ordovician) (after unpublished data from the Geo-Search Corpora-

tion, Midland, Texas). Lack of deep well data results in subsurface information restricted to the four contoured areas shown. Cross section

C-D is shown in Figure 13-13.
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In addition, reconnaissance of the vegetation in the entire

test site was conducted to determine if an)' areas of anoma-

lous or stressed vegetation existed. Ground observations

were supplemented by visual observation and photographs

from an altitude of about 200 m above ground from a small
aircraft.

B. Results

The predominant vegetation at the ('oyanosa test site is

desert shrub, primarily creosote (l,arrea tridemata, Figure

13-16) and mesquite (Prosopis glaJ;dulosa, Figure 13-17).

On well-drained topographic highs, creosote dominates the

sparse vegetation. Mesquite increases in abundance and size

toward drainages: 2- to 4-m mesquite trees arc common in

Hackberry Draw. Along the Pecos River and Toyah Lake,

where moisture is more dependable although often saline.
salt cedar ( Tamari.v FentaJldra, Figure 13-18) is corn mon.
Shrubs and succulents characteristic of the test site are listed

in Table 13-4.

Side oats grama (Bouleloua curtipendula, Figure 13-19)

is the dominant grass. The grasses listed in Table 13-5 arc
characteristic of Hackberrv Draw' near Covanosa (Rives ct

al., 1980}. Figure 13-20 shows spring grasses in Hackberry
D ra w.

Broadleaf herbs and some grasses llowcr and substan-

tially increase ground cover when sullicient moisture is

available, especially in draws and drainages (Figure 13-21).

The cowpen daisy {Vert_esi;m sp.) is the dominant spring
wildflower; its vellow l]owers can be seen throughout the

test site when sulticient winter and spring moisture is avail-

able. When late summer rains provide sulticient moisture,

broadleaf herbs such as broon>,veed (Xa;tthoceptuzlum sp.,

Figure 13-22) substantially increase ground cover. In dis-

turbed soils, Russian thistle or tumble',veed (Salsola sp.,

Figure 13-23) and purple nightshade (Solamcm elaeagn(lb-

lium) dominate. Table 13-6 is a partial list of flowering plants
common in the site.

At several of the sampling sites, crusts of blue-green algae

(cyanobacteria) and lichen are common. These primitive
plants are typically black and, especially during moist

weather, n-fight increase spectnd absorption in barren areas.

The ground cover survey data arc presented in Table

13-7. Kruskal Wallis" one-way analysis of variance by ranks

(Siegel, 1956) revealed no significant difl'erences (H - 1.49,

df = 1 I } in the physical structure of the ctmamunitv between

sites because bare ground was the dominant feature at all

the sites. Among the sites, bare ground ranged from 34

percent in Hackberrv Draw to 82 percent at site V009, a

caliche ridge. Composition of vegetation differed substan-

tially from place to place. Mesquite cover ranged l'ron_ nearly
absent in some gravelly soils to as much as 63 percent in
Hackberrv Draw. Creosote. which occurs in the drier, rockier

areas, ranged from absent to about 20 percent of the cover.

The other shrubs accounted for an avcrage of 3.5 percent

of the total cover, although tarhush (Fb)urensia sp.)and
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Figure 13-16. South-facing photograph showing creosote (Larrea

tridentata) as the dominant shrub at vegetation study site V021

(September 1981 )

four-wing saltbush (A triplex canescens) were locally com-

mon. At the time of the survey,, broadleaf herbs and grasses

each accounted for about 6 percent of the ground cover.
However, evidence of dead or dormant broadleaf herbs in

bare areas indicated that these plants can increase cover

substantially.

During a year when moisture is relatively abundant, as

in 1981 (Table 13-8), the test site appears to be well cov-

ered by vegetation. However, as the data in Table 13-7 show.

ground cover averages about 38 percent (Figure 13-16).
When the survey was conducted, late summer wildflowers

Figure 13-17• South-facing photograph showing mesquite (Prosopis

glandulosa) as the dominant shrub at vegetation study site V002

(September 1981 )

Figure 13-18. North-facing photograph across the Pecos River

showing salt cedar (Tamarix pentandra) as the dominant shrub at

vegetation study site V005 (May 1981 )

were abundant (Figure 13-24). During dry periods when

only shrubs would provide cover and wildflowers and grasses
would be dormant, cover could average as low as 24 percent.
At sites such as V009, V014, and V021, cover during very

hot summers or dry winters could be 10 percent or less.

Observations from a low-altitude aircraft provided an

excellent overview of the test site and revealed no apparent

anomalous vegetation features. Likewise, ground-level
reconnaissance revealed only vegetation disturbances that

were related to agriculture or oil and gas production
activities.

Table 13-4. Shrubs and succulents characteristic of the

Coyanosa test site

Scicntilic Name Common Name

Acacia sp. Calclaw

Acacia constricta Whitethorn

A rtemesia sp. Sagebrush

A triplex canescens Four-wing saltbush

Chilopsis linearis Deserl willow
Echinocactus hori:onthalonius Devil's head tact LlS

Ephedra trifurca Mormon tea

FIourensia sp. Tarbush

Fouquierht .,plendens Ocotillo

Koeberhnia .spinosa Al[thorn
Larrea tridentata Creosote

Lvcium berlanderi Squawberry

Opuntia enRelmanni Prickl_v pear cactus

O. imhricata ('ane cholla

O. leplocaulis Pencil cholla

Prosopis ,_kmdulosa M esquite

Tamari_ penlandra Sail cedar
Yucca elata N a rr_v_v-tea f v uo:a

Y. torrevi Broadleaf yucca
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Figure 13-19. Southeast-lacing photograph showing side oats

grama (Bouteloua curtipendula) as the dominant grass at vegeta-
tion study site V016 (September 1981 )

C. Conclusions

The Coyanosa test site is sparsely, vegetated, with an

average vegetation cover of approx mately 37 percent, but

the total cover can vary greatly' throughout the year and

from year to year depending upon rainfall and the time of

year when precipitation occurs. Creosote is the dominant

shrub where soils are thin and well drained. Mesquite

becomes more abundant and larger as soils become better

Table 13-5. Grasses characteristic of Hackberry Draw near
Coyanosa, Pecos County a

Scientilic Name Common Name

Aristida sp. Three-awns

Bouteloua breviseta Gyp grama

B. curttpendula Side oats grama

B. eriopida Black grama

B. ,wacilis Blue grama

Buchbw dactvbmlm' Bufl'alo grass

Di,gilaria cal{/hrnica Arizona coltontop

Era groslis intermedia Plains love grass

tlilaria belangeri ('ommon curly: mesquite
tt. mulk a Tobosa

l,(Ttochloa duhia C;reen sprangletop

Muhlenher_ia arenicohl Sand muhl,,

M. porleri Bush muhly

Panicum ohtu_'um Vine mesquite
SclempoL, on hrev{'fi>lius Burro grass

Setaria leuccq_ila Plains bristle grass

Spore>bolusairoides AIk a li sacaton
S. ciTtptandru_ Sand dropseed

S /tevuoSl;._ Mesa dropseed

,S'lipa lelwolricha Texas ,.,,'inter grass

aRives cl al.. It)g0.

Figure 13-20. West-facing photograph across Hackberry Draw
showing spring grass and mesquite at vegetation study site V006
(May 1981 )

developed and moisture is less ephemeral. Stilt cedar

(Tamarix) is abundant where water is semipermanent to

permanent, especially, along the Pecos River and Toyah

Lake. Wildflowers and grasses respond to seasonal and year-

to-year variations in precipitation and can vary from

essentially' absent to abundant, especially' along drainages.

Vl. Soils

Soil information fi)r the test site area (Figure 13-25 and

Table 13-9) was compiled from U.S. Department of Agri-

culture soil survey' reports for the counties of Reeves (Jaco

Figure 13-21. West-facing photograph across Hackberry Draw
showing spring wildflowers (cowpen daisy, Verbesina sp.) al

vegetation study site V006, an old grave location (May 1981)
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Figure 13-22. North-facing photograph showing broomweed

(Xanthocephalum sp.), a late summer wildflower, at vegetation study

site V009 (September 1981)

Table 13-6. A partial list of common wildflowers and broadleaf

herbs characteristic of the Coyanosa test site

Scientilic Name Common Name

Ahronia sp. Sand verbena

Falluxia p:m,¢b_va Apache plume

Neri.sTrenia sp. Mesa greggii

Phlox sp. Desert phlox

Sal_,da sp. Russian thistle I tumbleweed)

Sohmum elaeagn(lblium Purple nightshade

5_haerah'ea sp. Globe mallow

l'erhesina sp ('owpen daisy

)(ant/locefflla/um sp. Broomweed

TabLe 13-7. Percent ground cover on September 6, 1981,

determined at 13 sites In the Coyanosa test site

Site Broadleaf Olher

Bare Grass Herbs Mesquite Creosote Shrubs

!,'OOI 3q 25 0 35 0 1.5

VOO2 34 I 2 63 0 0

V009 81.5 [) 6.5 3 9 0

VOI0 52.5 0.5 l1.5 16 3 16.5

VOI I 71.5 0 7.5 I 1.5 9 0.5

V012 65 0 12.5 5.5 17 0

V013 68.5 0 8.5 5 165 1.5

V014 75.5 l) 10.5 I) 12.5 1.5

VOI5 64.5 0 13.5 0.5 18 3.5

VOI6 53.3 22 1).3 0.7 13.3 10.3

V020 63 0 4.5 32.5 {} 0

VO2 t 55 3 t (/ (t 13 1

V022 76.5 t 0 5.5 14 3

Mean 62.3 7.0 5.9 I 1.3 9.0 3.5

Standard 16.3 13.6 6.6 16.3 9.1 6.4
Deviation

Figure 13-23. South-facing photograph showing Russian thistle

(tumbleweed, Salsola sp.) in a former trail at vegetation study site V022

(September 1981)

Table 13-8. Monthly rainfall for Pecos, Texas, for 1975-1977

and 1980-1981"

Month
Rainfall. mm

1975 1976 1977 198(I t98 t

Januar,, 19 2 9 15 29

Februar', 211 1 3 8 21"

March 6 ) 111 0 34

April 0 2 5 13 92
M a_ 22 21 32 51 34

June 2 16 12 92 13

.lul; 102 13 12 I 39

August 32 24 5 133 46

Septen'tber 43 75 6 24 **
October 4 31 23 16 **

N_wember 3 17 4 411 **

December 15 4 4 7 **

_'Adapled from National Oceanic and Atmospheric Administrati,m

('limah_logical Data(1975 1977. 1980 19811
_Pecos data unavailable tor Monahans. l'exas.

** Dala unavailable.

et al.. 1980), Pecos (Rives et al., 19801, and Ward (Ditte-

more and Blum, 1975), in conjunction with geologic data

from Ogilbee et al. ( 19621 and Barnes 119761. Eleven m_Ljor

soil mapping units (Figure 13-251 occur on three principal
landforms in the test site area.

A. Soils of Floodplains, Terraces, and

Lower Uplands

about I0 percent of the stud)' area. These young soils exhibit
poorly developed profiles.
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(I) Loamy' and clayey soils on Pecos River floodplain

formed from Holocene alluvium of lower lying flood-

plains (Arno. Gila. Patrole, Pecos. Harkev. and Tovah

soils).

(2) Loamy soils on Pecos River terraces formed from

Holocene alluvium of Pecos River terraces (Mona-

hans, P_0arito. and Ima soils).

(3) Loamy soils on lloodplains formed front Holocene

alluvium of l\)rmer spring-fed marshes (Bahnorhea

soils): and saline loamy soils of lower uplands

formed from Holocene alluvium derived from Pleis-

tocene Tahoka Formation (Orla and Saragosa soils).

Figure 13-24. South-lacing photograph showing late summer
wildflowers at vegetation study site V012 (September 1981 )

Soils on the floodplain of the Pecos River are moder-

ately to extremely saline, while soils along the Tovah. Lake

Playa are extremely saline. These soils are well drained to

somewhat poorly drained and are used for either range-

land or irrigated cropland. The 12 soil mapping units

occurring in these environments may be grouped as follows:

B. Soils of Uplands and Outwash Plains

These soils comprise about 50 percent of the study area

and occur in nearly level to gently' undulating areas. Most

are deep loamv or clayey soils, some of which contain lav-

ers of gypsum and are moderately mature as indicated by

their well-devek_ped soil profiles. The soils of uplands and

outwash plains are mostly well drained to moderately well

drained, are moderately permeable, and are used for

rangehmd or irrigated cropland. The eight soil mapping

units occurring in these environnlents are combined into

the following three categories:

MAP SYMBOL AND SOIL UNIT DESIGNATION (TABLE 13-9)

[] [] , [] ,NTE.M,TTE,..AKES

Figure 13-25. Soil map (compiled from Barnes, 1976; Dlttemore and Blum,
1975; Jaco et al., 1980; Ogllbee et al., 1962; Rives et al., 1980)
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Table13-9.Characteristicsofsoilunitsoccurringinthe Coyanosa test site as mapped in Figure 13-25

Soil Designation Mapping Units Color Texture Parent Material
(Plate 13-1) Included

1 Gila, Patrole, Arno, Pecos, Pale brown to reddish brown Clay to fine sandy loam Recent alluvium

Harkey, Toyah and dark grayish brown

2 Monahans, Pajarito, lma Light yellowish brown to Loam to fine sandy loam Calcareous/gypsiferous
brown alluvium of stream terraces

3 Balmorhea Gray to grayish brown Silty loam Alluvium of spring-fed
marshes

3 Orla, Saragosa Pale brown to brown Clay loam Limestone and gypsum
lacustrine deposits

4 Reagan, Hodgins Reakor Light brownish gray to brown Silty clay loam to loam

5 Holloman, Reeves, Pale brown to brown Clay loam to silty clay loam

Hoban, McCarran

6 Dalby Pinkish gray Clay

7 Upton, Delnorte Pale brown to yellowish Gravelly clay loam to very

brown gravelly loam

8 Canutio, Delnorte, Nickel

9 Pyote, Sharvana, Wickett

10 Lozier

11 Los Tanos, Courthouse,

Sandstone outcrops

Pale brown to brown

Yellowish red to brown

Light brownish gray

Red

Very gravelly sandy loam

Loamy fine sand

Very gravelly loam

Fine sandy loam to coarse-

grained sandstone

Calcareous loamy alluvium

Gypsiferous alluvial beds

Calcareous valley-fill
alluvium

Limestone and caliche beds

Calcareous gravelly
alluvium

Sandy eolian mantle on
caliche beds

Limestone beds

Triassic Santa Rosa

sandstone beds

(4) Loamy soils of upland outwash plains and basins

formed from Holocene and Pleistocene alluvium

(Reagan, Reakor. and Hodgins soils).

(5) Loamy soils on uplands-formed from younger

Pleistocene alluvium of soils derived from gypsum

and limestone (Holloman, Reeves, Hoban. and

McCarran soils).

(6) Clayey soils of upland outwash plains and valley

fills- formed from younger Pleistocene alluvium

(Dalby soils).

C. Soils of Hills and Ridges

This group of soils comprises approximately 40 percent

of the study area, with most of the soils having a gravelly

or rocky surface layer underlain by thick layers of caliche

that probably required millions of years to form. The other

soils of this group are shallow, young soils that have been

recently eroded and are underlain by limestone or sand-

stone bedrock. All of the soils of this group are well drained.

most are moderately alkaline, and almost all are used for

rangeland. The 10 soil mapping units occurring in these

environments may be grouped into the following five

categories:

(7) Gravelly loam of upland plains and foot-slope ter-

races formed from older Pleistocene alluvium

derived from limestone hills (Upton and s,_me Del-

norte soils).

(8) Very gravelly loam of uplands formed from older

Pleistocene alluvium derived from limestone and

igneous hills (Delnorte, Nickel, and Canutio soils).

(9) Sandy and loamy soils of uplands formed from older

Pleistocene eolian or alluvial sediments (Pyote,

Sharvana, and Wickett soils).
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(10) Very gravelly loam on limestone hills formed from

Lower Cretaceous Washita Group limestones (Lozier
soils).

(l I) Fine, sandy loam and sandstone outcrops formed
from Triassic Santa Rosa Sandstone of the Dockum

Group (Los Tanos and Courthouse soils).

D. Factors of Soil Formation

Soil forms as a result of the interaction of five major fac-

tors: (1) physical and mineralogical characteristics of the
parent material, (2) climate under which the soil formed,

(3) living organisms on and in the soil, (4) topographic relief,

and (5) length of time that these factors have acted on the
soil.

1. Parent material. The unconsolidated mass from which

a soil forms limits the physical and chemical characteristics

of a soil. The parent materials of the study' area are Trias-

sic sandstone, Cretaceous limestone, and Tertiary, through

Hoiocene alluvium. Rock fragments in the alluvium include

a wide variety of igneous, metamorphic, and sedimentary'

rocks, many of which have been transported from moun-

tains to the south of the study area. Other parent materials
include Pleistocene and Holocene eolian sands, caliche,

calcareous and gypsiferous earth, and Holocene lake, marsh,
river terrace, and floodplain sediments.

2. Climate. The semiarid climate is uniform over the

entire study area and is characterized by hot summers and

moderate winters. Major precipitation occurs from May'

through October in the form of high-intensity thunder-

showers that frequently cause soil erosion. During the driest

part of the year, high winds often erode the soil. The low

humidity of the region also produces a high rate of evapo-

ration that limits the growth of plants and the accumula-

tion of organic matter in the soils.

Because the limited rainfall does not provide sufficient
moisture to leach the alkaline minerals from most of the

soils, calcium carbonate (catiche) accumulates near the

surface. Most of the area's soils, especially the deep soils,
are seldom moist below the root zone. The dry climate also

limits the translocation of clay and the reduction and transfer
of iron in the soils.

3. Living organisms. Microorganisms, plants, and ani-

mals on or in the soil contribute to the process of soil for-

mation. Gains and losses of organic matter, nitrogen, and

other plant nutrients and changes in soil structure and

porosity are caused by these living organisms. Plants, espe-

cially grasses, are important for soil development since their

root systems contribute large amounts of organic matter.

The roots of both shrubs and grasses decay' to form pores

that serve as passageways for water.

Small animals and insects that work and mix the soils

hasten the decay of organic matter by microorganisms and

improve soil structure and fertility'. The activities of man

also influence soil development, especially the fencing of

rangeland that sometimes allows overgrazing by cattle.

Overgrazed grasses return less organic matter to the soil

than properly grazed grasses do and retard soil profile

development. Irrigation with saline water and the con-

struction of roads and buildings also alter soils in some
areas of the test site.

4. Topography. Topography' influences soil develop-

ment through its effect on drainage, erosion rate, plant cover,

and soil temperature. The topography of the study' area

ranges from nearly level on floodplains, to rolling on

uplands, and to steep at upland edges. The steep areas have

shallow soils, which indicate that the rate of soil develop-
ment has not been able to keep pace with the rate of erosion.

The degree of soil profile development depends to a large

extent on the amount and depth of moisture penetration.
Nearly, level transported soils of floodplains (Arno. Pecos.

Patrole, Toyah, Gila, and Balmorhea soils) have the leas!

developed profiles and are usually' the deepest because they

are actively, forming by' the accumulation of sediments

derived from surrounding areas.

The nearly level soils on uplands that receive runoff from

higher lying areas have weak to moderately good soil pro-

file development (Dalby, Hoban, Hodgins, Reagan, Reakor,
and Reeves soils). The upland soils that do not receive

additional runoff, however, are shallow to very shallow and
have a poorly developed soil profile which typically includes

layers of caliche and often contains rock fragments (Del-

none, Upton, Nickel, and Wickett soils). Steep soils that
are shallow to very shallow (Courthouse, Los Tanos, and

Lozier soils) have a poorly developed profile because of

rapid runoff and erosion.

5. Time. The degree of soil profile development is the

primary method used to determine the age of a soil. The

youngest soils show little profile development, as exempli-

fied by the soils on the Pecos River floodplain. Slightly older

soils, many of which contain accumulations of calcium car-

bonate, formed in topographically higher, older alluvium

and have well-developed soil profiles (Hodgins, Ima, and

McCarran soils). Further aging results in the leaching of
calcium carbonate downward to lower horizons to lbrm soft

masses or concretions of caliche, as in the case with the

Hoban, Reagan, and Reakor soils. In the oldest soils (Del-
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norte, Upton. Sharvana, and Wickett), calcium carbonate
accumulations are cemented or indurated and form thick

layers of caliche that suggest a long time of formation,

probably' millions of years (Jaco et al., 1980}.

E. Summary

The soils most similar in composition to the underlying

geologic units are the shallow soils of hills, ridges, and steeply'

sloping upland edges. The semiarid climate has permitted
the accumulation of calcium carbonate (in the form of

caliche) and calcium sulfate (in the form of gy,psum) in

many' of the soils of the study area. The dry climate has
also restricted the movement of clay and the reduction and
transfer of iron within the soils, while the low density' of

plant and animal life has resulted in the low organic con-
tent of most soils. Topography has influenced soil profile

development; the constantly reworked soils of the

Pecos River floodplain and the well-drained soils of uplands

have the poorest profile development, and the less well-

drained soils of uplands exhibit the best profile develop-

ment. The upland soils, with their thick accumulations of

caliche which probably required millions of years to form,

suggest that large portions of the uplands have been ele-
vated since at least Pleistocene time.

VII. Soil Geochemistry

A. Introduction

Donovan and others (Dalziel and Donovan, 1980: Don-

ovan, 1974: Donovan et al., 1975) have recognized cases of
anomalous concentration, alteration, and distribution of

certain elements and isotopes in soils, bedrock, and vegeta-

tion over and adjacent to some oil and gas fields. These

geochemical anomalies have been attributed to the effect
of hydrocarbon microseepage from oil/gas reserw)irs. A

geochemical survey was conducted as part of the Coy'anosa

test site study to determine if potential hydrocarbon seep-

age in the area, suggested by historical water well data
(Paragraph IV.By. has resulted in detectable soil geochemi-
cal anomalies.

Surfitce soil samples were collected in 1979 and 1980 at

138 sites in the test site area (Figure 13-26). These samples

were analyzed for elemental/isotopic geochemistry by lab-

oratories of Phillips and Barringer, using procedures out-

lined in Appendix B, Figures B-I and B-2 and Table B-I.

The analytical results are summarized in Tables B-2 (Phil-

lips) and B-3 (Barringer). The Table B-2 data were evalu-
ated to determine any possible indications of microseepage-
induced surface alteration.

B. Results

1. On-field/off-field analysis. Each sample was classified

as being from inside or outside local oil/gas field produc-
tive limits (Table B-4) using the productive limits shown in

Figure 13-26. Stepwise discriminant analysis (STEPDISC in
the Statistical Analysis System programs) of the Table B-2

data by Phillips identified the variables log Ni, log Ca.

log Cd, log St, log Co, log V. log K, and a'_c as being the
most important in classifying the soil samples with respect

to local production.

A discriminant analysis using these eight variables yielded

scores summarized in Table 13-10. Although these scores

are not random, they' may' not be meaningful. On the basis

of the discriminant analysis of the 69 samples collected from

inside the productive limits of known oil and gas fields, 63
were correctly classified. Least squares analysis, however,
shows that as much of the variance in on-field versus off-

field samples is explained by soil type as is explained bv

the geochemical variables (Table 13-11). Local petroleum

production is associated with structures that may be surfi-

cially expressed. Since surface structure will directly, affect

surface lithology, soil type, and soil geochemistry, the Table
13-10 results probably reflect the structural geology of the

area and not microseepage-induced alteration.

2. Carbon isotope analysis. Figure 13-27 summarizes

carbon isotope values determined by Phillips (Table B-2).

These data support a nonpetroleum source for soil carbon-
ate in the test site area. These results lend further credence

to the interpretation that variation in soil geochemistry' at

the Coyanosa test site is the result of normal surface pro-

cesses and is not due to microseepage-induced alteration.

C. Conclusions

The results of a limited soil elemental carbon isotope

geochemical survey of the Covanosa test site revealed
no geochemical anomalies attributable to hydrocarbon

microseepage.

Table 13-10. Discriminant analysis scores for classilying Coyanosa

test site soil samples according to location inside or outside local

oil field productive areas

Sample ('ollected

Sample Outside Inside I otal
Classilied

N o. g: N o. 'f N o. %

Outside 26 43.3 6 8.7 32 24.8

Inside 34 56.7 63 91.3 97 75.2

Total 60 100.0 69 100.0 129"' I_).0

:_Somc samples were deleted due to missing data.
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Figure 13-26. Map showing 121 of the soil geochemistry sample sites.

Additional samples were oblained from 17 sites north of the area shown.

0

Table 13-11. Comparison of least squares analyses of Coyanosa

test site soil samples using a linear model based on the Important

geochemical variables identified using discrimlnant analysis and a

linear model based on soil type

Model R2 Proh F:_'

(;eochemist_ 0.184 0.002

Soil type O. 188 O.(X)2

"Signilicancc of model after adjusting fbr the mean.

VIII. Remote Sensing Data

A. Introduction

New aircraft remote sensing data acquired during the

test site investigation included multispectral visible and near

infrared (Table 13-12 and Figure 13-28). daytime night-

time thermal infrared (Mission 383. ]'able 13-12), X- and

L-band synthetic aperture radar (SAR). and passive micro-

wave. Additionally. color photography was acquired during

all multispectra[ scanner overllights. All new aircrart data

were acquired bv Johnson Space ('enter. Aircraft remote

sensing data acquired for Exxon durin,- a 1966 study of the

('ovanosa area were also made available ror use in the test

site investigation (.Appendix A). Satellite-acquired remote

sensing data included Landsat Multispectral Scanner (MSS)

(Table 13-13)and Scasat L-band SAR (Rev. 738. October 10,

1979). For a discussion of the characteristics or all sensors

used in the test site stud',', refer to the ]echnical Appendix.
Section 14.

B. Preliminary Processing

Preliminary processing of all aircraft-acquired multi-

spectral data was carried out by JPL's Image Processing

Laboratory (IPL). A list and description of IPL programs

used in processing these data are included in the Technical

Appendix. Section 14.

ATMOSPHERIC CO 2

FRESHWATER LIMESTONE

LAND PLANTS

P'_ PETROLEUM

n

+4 o -4 -8 -12 -16 -20 -24 -28 -32

_C 13, %

Figure 13-27. Histogram summarizing the results of carbon isotope

analysis of 138 soil/rock samples. Results are consistent with a

nonpetroleum carbon source. (Ranges of values for atmospheric,

freshwater limestone, land plants, and petroleum sources are after

Fairbridge, 1972, Figure 1, p. 134.)
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mao30w m3Ow Table 13-13. Summary of Landsat MSS data

I acquired, Coyanosa test site

31 ° 30' N

TEST

SITE

31 ° 30' N

Date Scene Identification Processed B',

July' 30, 1972 10007-16584 JPI.

October 24, 1973 14570-16565 Exxon

October 4, 1975 20255-16461 JPL

Februa_' 25, 1976 20399-16440 JPL

Februa_' I, 1977 2741-16332 Superior & EROS

31°N I

I

103o 30' W

07 m,
0 5 km

'__ 31°N
FORT

l_°W

FLIGHT LINE
AND AREA OF

COVERAGE

Figure 13-28. Map showing flight-line locations and areal coverage

for M2S, NS-001, and color photographic aircraft data acquired at

the Coyanosa test site

Table 13-12. Summary of aircraft-acquired multlspectral data,

Coyanosa test site

M uhispectral
Date Mission Photography Scanner"

July' 13, 1978 383 (7olor infrared M:S h

October 12, 1978 390 ('olor infrared NS-001 _

June 18, 1979 403 Color infrared NS-fX)I

_'Ground resolution for all data _ 15 in; refer to the Technical Appendix,

Section 14, tbr sensor characteristics.

h Modular Multispectral Scanner,

'NS-001 Thematic Mapper Simulator.

During the investigation, JPL retained master sets of both

digital and film format data. JPL distributed copies of these

data to two participating companies for distribution, on

a request basis, to other participating companies. Digital
data were sent to Conoco and negatives of selected IPL-

produced images were sent to Phillips.

C. Analysis and Interpretation

Analysis and interpretation of the data were perl\_rmed

by' all test site team members in common sessions or inde-

pendently'. Because of constraints of personnel, time, and

image-processing facilities, all remote sensing data sets were

not equally evaluated. Data that alter initial examination
demonstrated the greatest potential utility' were given the

greatest analytical attention. Multispectral data Landsat
MSS (Table 13-13) and NS-00I Thematic Mapper Simuht-

for from Mission403 (Table 13-12) provided the most
information and were therefore analyzed in the greatest

detail. Landsat MSS data were commonly interpreted at a

scale of 1:500,000 to 1:200,000 and NS-001 data at a scale

of 1:48,000.

The principal purpose of multispectral image analysis
was to evaluate the utility' of these data in hydrocarbon

exploration in a semiarid environment characterized by,

sparse vegetation, relatively thick soil and alluvial cover,

and poorly exposed bedrock. Specifically, these data were
evaluated for their utility in lithologic discrimination, geM-

morphic analysis, structural mapping, and surface altera-
tion detection. The approach used in the analysis of the

multispectral data is reflected in the following discussions.

which include spectral characteristics of cover types, struc-

tural interpretation of images, and spectral interpretation

of images.

IX. Spectral Characteristics of Cover Types

A. Introduction

Hunt and others (Hunt and Salisbury, 1970a, 1970b, 1976;

Hunt et al., 1971a 1973) reported the visible and near-

infrared (VNIR) laboratory spectral characteristics of most

rocks and minerals. Their work demonstrated the potential

utility of VNIR multispectra[ remote sensing methods for
the discrimination and identification of geologic materials.

To apply these laboratory results to the specific problems

of VN IR multispectral image enhancement and interpreta-

tion at Coyanosa, a program of field and labor_tory spec-
tral measurements and mineralogical analysis wa_, conducted

in the test site area. This program emphasized the part of

the VNIR spectrum sampled bv the NS-001 aircraft scan-

ner in order to evaluate the potential utility of the Landsat

4 Thematic Mapper (TM) satellite sensor, which it was

designed to simulate (Table 13-14).
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I _ • LABORATORY SPECTRAL SAMPLE SITE

\ C) FIELD AND LABORATORY SPECTRAL SAMPLE SITE

Figure 13-29. Map showing field and laboralory spectral sample sties

O

A total of 75 Beckman DK2A spectrophotometer labo-

ratory spectral measurements were made for samples

obtained from 45 sites: 52 field reflectance measurements

were also madc at 19 sites with JPL's Portable Field

Reflectance Spectrometer (PFRS) (Goetz et al., 1975l.

Additionally, laboratory X-ray diffraction (XRD)mineral-

ogical analyses were performed on 45 samples selected from

the field and laboratory spectral sample suite. Figure 13-29

shows the locations of field and laboratory spectral and

mineralogical sample sites. The site locations and materials

sampled at each site were selected to include the major

surface cover [vpes or' the test site area. A synthesis of the

results of this invcsti,,zation is presented below: only those

spectra considered illustrative of signiticant relationships

are included.

Table 13-14. A comparison of the seven bands of the Landsat 4 TM
and the eighl bands of the NS-001 aircraft scanner designed to sim-
ulate the TM. An equivalent to band 5 of the NS-001 is not included
in the TM. NS-001 multispectral data acquired at Coyanosa had a

spatial resolution of approximately 15 m. The TM has 30-m
resolution.

l!qui_alent Equivalent

N S-(X)I Wavelength, !tin Landsa! 4

Band FM Band

I 0.45 0.52 I

2 0.52 0.61) 2

3 0.63 0.69 3

4 0.76 0.90 4

5 1,00 1.30

6 1.55 1.75 5

7 2,08 2.35 7

10.4 12.5 6

B. Spectral Characteristics of Vegetation

Vegetation locally constitutes 18 to 66 percent of the

ground cover at the Coyranosa test site (Table 13-7). Data

acquired by multispecmd scanners are significantly all'coted

by this vegetation. An understanding of the spectral char-

acteristics of vegetation is therefore cssential for the

enhancement and interpretation of the multispectral images

for the test site area.

Figure 13-30 includes typical PFRS spcctra for vegeta-

tion (Sl. green sagc: $2, brown sagc) and shows the Iota-

lions of the seven NS-001 VNIR hands. Five of these band

locations (1,2, 3, 4, and 6) were selected spccilically for the

identification of vegetation species, vigor, and density (Hovis

et al.. 1975, p. G-7). The signilicant spectral features of

vegetation which occur in the seven VNIR bands of the

NS-001 are discussed in detail in the Lost River. West Vir-

ginia. Petroleum Test Site Report. Section 12.

1. Equivalent NS-O01 band reflectance values fi)r vegeta-

tion. Table 13-15 shows equivalent NS-001 band reilec-

tance values that were determined from the vegetation

spectra shown in Figure 13-30. These data serve as a guide

lk_r understanding NS-001 response to vegetation.

Highest reflectance values occur in bands 4 and 5. Vig-

orous vegetation (S l) has signilicantly higher reflectance

than less vigorous vegetation ($2) in bailds 1 throu,-h 5. In

bands 6 and 7, vigorous vegetation ma', exhibit lower

rellectance values than less vigorous vegetation.
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The highest range of reflectance values for vegetation
occurs in bands 4 and 5 and the lowest range of values in
bands 6 and 7.

In vegetation, reflectance values for bands 1 and 3 exhibit
low correlation with bands 2 and 4: bands 6 and 7 also

exhibit low correlation with bands 2 and 4. Band 1 exhibits

low correlation with band 2 and high correlation with band

3. Band 2 exhibits high correlation with band 4" bands 6

and 7 are also highly correlated in vegetation. The correla-
tion of other bands to band 5 is variable.

The comparison of the vegetation and soil spectra illus-

trated in Figure 13-30 demonstrates that the reflectance
values in all bands (albedo) are typically higher in soil than

in vegetation. Spectra for vegetation and soil exhibit the

greatest disparity in bands 6 and 7 and the least disparity
in bands 4 and 5. Maximum reflectance values typically

occur in bands 4 and 5 for vegetation and in bands 6 or 7

for soils, although the reflectance of specific plants in bands

4 and 5 may exceed those of some soils.

2. Vegetation shadow. Shrubs (creosote and mesquite) are

the dominant vegetation type at Coyanosa. A _hadow is
associated with each shrub, except when the shrub cover is

100 percent or when the solar elevation is vertical. The

spectral effect of this vegetation-shadow component is to

decrease the albedo. The significance of this effect is illus-
trated by the observation that a surface with 80 percent

shrub cover and a 60 ° solar elevation (typical for the time

of NS-001 acquisition at Coyanosa) will be seen by an air-

craft or satellite sensor as 100 percent shrub and shrub-
shadow cover.

The relative spectral contribution of plant material and

plant shadow is dependent on both plant density (percent

cover) and plant geometry. In the case of Coyanosa vege-

tation, there are two distinct plants in terms of geometry

shrubs and grasses. Because of the broader leaf area of

shrubs compared to grasses (as viewed from above by a
sensor), dense shrubby vegetation should have a smaller

relative shadow component compared to dense grass cover.

This should result in less distinct carotinoid, chlorophyll,
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Table13-15.SummaryofequivalentNS-001bandreflectance
valuesdeterminedfromPFRSfieldvegetationspectra

Equivalent
NS-001 Band

Reflectance Value, %, From PFRS Spectra (Sample)

Maximum Minimum Range Mean

I 9.4 (Sly 6.6 ($2) 2.8 8.0

2 12.0 (Sly 7.0 (S2) 5.0 9.5

3 11.6 (Sly 7.8 ($2) 3.8 9.7

4 34.2 (Sly 15.4 ($2) 18.8 24.8

5 34.8 (SI) 18.2 ($2) 16.6 26.5

6 19.6 (Sly 17.4 ($2) 2.2 18.5

7 I 1.8 ($2) 10.8 (Sly 1.0 11.3

and leaf-water spectral features for dense grass cover com-

pared to dense shrub cover.

3. Equivalent NS-001 band-ratio values for vege-

tation. Band-ratio images are used extensively' in the eval-

uation of multispectral remote sensing data (Goetz and
Rowan, 1981). The band reflectance values of Table 13-15

may' be used to calculate equivalent NS-001 band-ratio

values for vegetation. Table 13-16 summarizes the 21

equivalent NS-001 ratio values calculated for the two vege-

tation spectra shown in Figure 13-30. These data give insight

into the response of vegetation in NS-001 VNIR band-ratio

images.

Table 13-16. Summary of equivalent NS-001 band-ratio values

calculated from PFRS field vegetation spectra

Equivalent
NS-O01 Ratio

Calculated Ratio Value From

PFRS Spectra (Sample)

Maximum Minimum Range Mean

2/I 1.3 (Sly I.I ($2) 0.2 1.2

3_:1 1.2 (Sly I.I ($2) 0.1 1.2

4:,:1 3.6 (Sly 2.3 (S2) 1.3 3.0

5/I 3.7 (SI) 2.8 ($2) 0.9 3.3

6/I 2.6 ($2) 2.1 (Sly 0.5 2.4

7/I 1.8 ($2) 1.2 (Sly 0.6 1.5

3_2 1.1 ($2) 1.0 (Sly 0.1 1.1

4/2 2.9 (SII 2.2 ($2) 0.7 2.6

5/2 2.9 {SII 2.6 ($2) 0.3 2.8

6/2 2.5 ($2) 1.6(SI1 0.9 2.1

7/2 1.7 ($2) 0.9 (SI) 0.8 1.3

4/3 3.0 (SlY 2.0 ($2) I.O 2.5

5/3 3.0 (S 1) 2.3 ($2) 0.7 2.7

6 :'3 2.2 ($2) 1.7 (S IT 0.5 2.0

7/3 1.5 ($2) 0.9 (S I I 0.6 1.2

5::4 1.2 ($2) 1.0 (Sit 0.2 1.1

6/4 I.l (S2) 0.6 (SI) 0.5 09

7/4 0.8 ($2) 0.3 (SI) (I.5 0.6

6/5 1.0 ($2) 06 (S 1 ) 0.4 0.8

7/5 0.7 ($2) 0.3 (SI) 0.4 0.5

7/6 0.7 ($2) 0.6 (Sly 0.1 0.7

Maximum band-ratio values occur in vigorous vegeta-

tion (S 1) for ratios 4,/'1 and 5/I. Minimum values are also

associated with vigorous vegetation in ratios 7/4 and 7/5.

The maximum range of values occurs in ratios 4/1, 4/3,

5/1, and 6/2; the minimum range in ratios 3/1, 3/2, and 7/6.

C. Spectral Characteristics of Soil/Rock

I. Mineralogy. The laboratory' spectral measurements of
Hunt and others discussed above demonstrated that many

minerals have diagnostic spectral absorption bands in the
VNIR. These bands are caused by electronic and vibra-

tional processes within the crystal lattice and are related to

composition.

Table 13-17 lists the minerals identified in XRD anal-

yses of 45 selected surface samples from the Coyanosa test
site. This suite of 16 minerals represents the major mineral

constituents of the soils and rocks exposed in the test site
area. Thirteen of the minerals listed in Table 13-17 are

characterized by absorption bands in the portion of the

VNIR spectrum sensed by, the NS-001 scanner. Figure

13-31 is a composite diagrammatic laboratory spectrum

showing the locations and relative depths of absorption
bands identified in 75 DK2A laboratory spectra. The loca-
tions of the seven NS-001 VNIR bands are also shown as a

guide for the prediction of the response of this sensor to
the minerals listed in Table 13-17.

For the samples analyzed at Covanosa, there are only

five ions, radicals, and molecules that cause the absorption

features shown in Figure 13-31: Fe _2, Fe '_, HOH, OH,

and CO_ _. A review of the chemical formulas of minerals

Table 13-17. Mineralogy of Coyanosa soil/rock determined by XRD

analysis of 45 representative surface samples

Mineral Formula

Biotite K(MgFe)3(AISiyO 101(OH) 2

Calcite CaCO 3

Clinoptilolite (?) (Na, K, Ca) 23AI_(AI. Si)2Sil_()_ , • 12HX)
Goethite FeO(OH )

Gypsum Ca(SO,0 • 2H,O

Hematite Fe2() _

Hornblende Ca4Na2(MgFe)s(AIFe)2(Al,_SilzO44)tOH,F)n

Illite K(AI4Fe4Mg4Mg6)(AISiT(),.J(()H 14

Kaolinite AI2(Si200(OH 14

Microcline _ K(AISi30 s)

Magnetite 1?) FeFe:O 4

Montmorillonite X(AIMgL,(AISi)40 m (OHle

Muscovite K AI2( A ]SitO ill)(0H )2

Plagioclase" (CaNa} (AISihO s

Talc (7) Mg_(Si40 my(OH) 2

Quartz _' SiO

"Mineral without absorption features in TM ,NS-001 bands.
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listed in Table 13-17 and consideration of the multiminer-

alic nature of Coyanosa soil and rock demonstrate that

unique mineral identification is impossible using spectral
reflectance data from the seven NS-001 VNIR channels

alone. Furthermore, a comparison of the depths and loca-

tions of absorption bands shown in Figure 13-31 to the

absorption features associated with vegetation shown in

Figure 13-30 demonstrates the significant potential for

confusion in the analysis of the spectra of mineral and veg-
etation mixtures. This observation is consistent with the

conclusion of Siegal and Goetz (1977, p. 195) in their mod-

eling of the spectral response of soil/vegetation mixtures:
"Naturally occurring vegetation significantly masks and

alters the spectral response of earth materials. The signifi-

cance of vegetative cover depends primarily on the amount

and type of vegetation and the spectral reflectance of the

ground."

2. Soil/rock texture (grain size). Variations in soil or rock
texture (grain size) may induce significant variations in the

spectral response of soils and rocks. Grain-size-induced

variations in visible spectral response have long been rec-

ognized by the hand-specimen mineralogist. Finely pow-

dered, nonopaque material tends to be lighter colored (has

higher albedo in the visible spectrum) than coarse mate-

rial. This visible albedo effect has long been utilized in the

so-called "streak test" used in hand-specimen mineralogy.

This albedo increase with decreasing particle size was
reported by Adams and Filice (1967). They noted that there

are also wavelength-dependent spectral changes associated

with the decrease in particle size below 0.5 mm (medium

sand). They attribute such wavelength-dependent, grain-size-

induced changes to the relative contribution of the diffuse

and specular component of reflected energy.

Fine particulate materials (< 20 ttm in diameter, i.e., fine

silt and clay) form reflecting surfaces with a larger specular

component when compared to coarser materials. Appar-

ently the Rayleigh criterion for a smooth surface approaches

satisfaction with such particle diameters in the higher

wavelengths of the VNIR (Beckman and Spizzichino, 1963,

p. 9). This results in less diffuse energy (the absorbed com-
ponent) being available for interaction within the reflect-

ing material. The result is a decrease in the net amount of

6o

ae

,d
(.3z 40
<
I-
¢J
u.i
_.1
M.
w
er

2O

NS-(_I BANDS

I <
I-

> r"". .'
(.'3 0 :3 " I-- / .

.,; / ,,
- "r u_ 0 , II

61- = Ill
o c_ d /7

0.5 1.0 1.5

._1
O

d
rD

>.-

t_

6

WAVELENGTH,_m

\

o
:E
>: <

<{.9 D 0

I ,,' >.- _-

&

%,%
%

I 7 1
2.0 2.5

MU MUSCOVITE HO HORNBLENDE CL CLAY

GO GOETHITE GY GYPSUM CA CALCITE

HE HEMATITE IL ILLITE KA KAOLINITE

MO MONTMORILLONITE TA TALC BI BIOTITE

Figure 13-31. Composite diagrammatic laboratory spectrum illustrating major mineral absorption bands affecting NS-001 data for the

Coyanosa test site. Absorption feature Identifications are after Hunt and Salisbury (1970a, 1970b, 1976) and Hunt et al. 0971a-1973).

13-30



incident energy available for absorption and a decrease in

the depth of absorption bands characteristic of the material.

The practical significance of these relationships is illus-

trated in Figure 13-32. Sample CA13, a light-tan, silty clay

soil from the central portion of the test site area, was found

to be primarily calcite, based on XRD and acid digestion

analyses. The laboratory and field spectra for this sample

lacked the characteristic CO 32 absorption band near 2.3 _m.

Sieve grain-size analysis revealed that this sample was
composed of particles < 74/_m in diameter (fine silt and

clay). Also shown in Figure 13-32 are the spectra of a cal-

cite crystal and a < 74-/_m powder obtained from grinding
the crystal. Comparison of these curves reveals a loss of the

diagnostic absorption band, which is attributed to the

decrease in grain size. According to Hunt and Salisbury

(1970b, p. 26), this grain-size-dependent variation in

absorption band depth is most significant in materials, such

as calcite, which have high refractive indices.

3. Equivalent NS-001 band reflectance values obtained

from PFRS soil/rock spectra. To evaluate the response of
the NS-001 scanner to soil and rocks exposed at the Coy-

anosa test site, PFRS field spectral data were used to deter-

mine equivalent NS-001 band reflectance values. This

information, in conjunction with laboratory spectral data

and mineralogical data, may be used as a guide for the

design and interpretation of NS-001 images.

Equivalent NS-001 band reflectance values were deter-

mined from each of the 52 PFRS spectra. This was accom-

plished by visually estimating the average interval reflectance
for each of the seven NS-001 VNIR bands in each of the

52 PFRS spectra. These data were tabulated and used to
determine band reflectance maxima and minima, band-ratio

maxima and minima, ranges, means, and standard devia-

tions. Table 13-18 and Figure 13-33 summarize the raw

band equivalent PFRS reflectance values from all field

spectra.
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Table 13-18. Summary of equivalent NS-001 band reflectance
values determined from 52 soil/rock PFRS field spectra measured
at 19 sites, Coyanosa test site

Reflectance Value, %, From PFRS Spectra (Sample)

Equivalent Standard
NS-001 Band Maximum Minimum Range Mean Deviation

'1 29.8 (CA2) 9.4 (CA 19) 20.4 17.7 4.0

2 36.0 (CA2) 13.0 (CA19) 23.0 23.9 4.6

3 43._1(CA2) 16.2 (CA 19) 27.2 30.4 5.5

4 51.4 (CA2) 21.6 (CA 19) 29.8 36.6 5.6

5 59.8 (CA2) 30.0 (CA 19) 29.8 44.7 5.5

6 60.0 (CAI8) 37.0 (CA 19) 23.0 47.5 4.8

7 49.4 (CA2) 30.2 (CA 19) 19.2 40.3 4.1

Maximum reflectance values in bands l, 2, 3, 4, 5, and 7

occur in the spectrum of sample CA2, a light-tan, gypsif-

erous, calcareous, and kaolinitic soil located on a playa.

Maximum reflectance for band 6 occurs in the spectrum of

sample CA I 8, a goethitic, kaolinitic limestone. A compari-

son of these maximum reflectance values to those of vege-

tation (Table 13-15) demonstrates consistently higher values

for soil/rock.

Minimum reflectance values in all bands occur in the

spectrum of sample CAI9, a gray, sandy, kaolinitic and

slightly goethitic limestone. A comparison of these minimum

reflectance values to those for vegetation (Table 13-15)

demonstrates consistently higher values for soil/rock. In

fact, in bands 1, 2, 3, 6, and 7, the minimum reflectance for

soil/rock exceeds the maximum reflectance for vegetation.

4. Equivalent NS-001 band-ratio values for soil/rock. The

same procedure used to determine equivalent NS-001 band-

ratio values for vegetation was used to establish equivalent

band-ratio values for soil/rock.

Table 13-19 summarizes the 21 equivalent NS-001 atio

values determined from the 52 soil/rock PFRS spectral

measurements at Coyanosa. Figures 13-34 and 13-35 show

those PFRS spectra that exhibit maximum and minimum

ratio values. This information, in conjunction with field

descriptions and laboratory spectral and mineralogical data,

may be used as a guide for the optimal enhancement and

interpretation of NS-001 ratio images for soil/rock dis-

crimination in the Coyanosa test site.

BLUE GREEN

14
1 2

70-

60-

Z

_ 40-

-J

/
/ 1

1

10 -- ,,,--"

I
0.4 0.6

RED VISIBLE COLOR

s 161 7
Y

f_

I

LANDSAT MSS BANDS

f j"

_ o _

J

NS-001 BANDS

%,.

\

i
I 1 I I I I I I

0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4

WAVELENGTH, #m

LIGHT-TAN, SILTY CLAY SOIL, GYPSUM-RICH CALCAREOUS AND KAOLINITIC PLAYA DEPOSIT (CA2I

.... -- - -- LIGHT-TAN, SILTY CLAY SOIL, PLAYA DEPOSIT (CA2)

_ GOETHITE-BEARING, KAOLINITIC LIMESTONE BEDROCK (CA18)

LIGHT-TAN, SI LTY CLAY SOl L CONTAINING CALICHE FRAGMENTS (CA8)

---,- GRAY, SANDY KAOLINITIC LIMESTONE BEDROCK (CA19)

Figure 13-33. PFRS soil/rock field spectra exhibiting maximum, minimum, and mean equivalent NS-001 band reflectance (see Table 13-18)

13-32



Table 13-19. Summary of equivalent NS-001 band-ratio values calculated from 52 soil/rock

PFRS field spectra measured at 19 siles, Coyanosa tesl site

Calculated Ratio Value From PFRS Spectra (Sample)
Equivalent

Standard
NS-001 Ratio Maximum Minimum Range Mean

Deviation

2/1 1.7 tCA 18) 1,2 (CA2) 0.5 1.4 0. I

3/I 2.3 (CA I 1) 1.4 (CA21 0.9 1.7 0.2

4/I 2.8 (CA I 1) 1.7 (CA2) I. 1 2. I 0.2

5/I 3,6 (CA 18) 1.9 (CA2) 1.7 2.6 0.4

6/I 4,1 (CA 18) 1.8 (CA2) 2.3 2.8 0.5

7/1 3.5 (CA 11 ) 1.0 (CA2t 2.5 2,4 0.4

3/2" 1.5 (CA I 1) 1.2 (CA2) 0.3 1.3 0. I

4/2 1.9 (CA I 1) 1.3 (CA6) 0.6 1.5 0.1

5/2 2,3 (CAll, CA 19) 1.5 (CA21 0.8 1.9 0.2

6,,'2 2.9 (CA 19) 1.5 (CA2) 1.4 2.0 0.3

7/2 2.4 (CA 19) 0.8 (CA2) 1,6 1.7 0.3

4/3" 1.5 (CA7) I. I (CA6) 0,4 1,2 0. I

5/'3 1.9 (CA7, CA 19) 1.3 (CA4) 0.6 1.5 0. I

6/3 2,3 (CA 19) 1.3 (CA2/ [.0 1.6 0.2

7/3 [.9 (CA 19) 0.7 (CA2) 1.2 1.4 0.2

5/4 a 1.5 (CA 18) I. I (CA2) 0.4 1.2 0.1

6/4 a [.9 (CA18) [. I (CA2) 0.8 1.3 0.2

7/4 [.4 (CAI9) 0.6 (CA2I 0.8 1.1 0.1

6/5 _ 1.3 (CA 18) 1.0 (CA2) 0.3 I. I 0. I

7/5 a 1.0 (CA19) 0.6 (CA2) 0.4 0.9 0. 1

7//6 a 0.9 (CAI 1) 0.6 (CA2) 0.3 0.9 0.1

Not considered "significant": range of values not more than one standard deviation above and below the
mean.

A maximum ratio value of 4.1 was obtained for band-

ratio 6/1 in sample CAI8 (goethitic, kaolinitic limestone);

a minimum ratio value of 0.6 was obtained for 7/'4, 7/5,
and 7/6 in sample CA2 (light-tan, kaolinitic, calcareous,

silty, gypsiferous clay soil). A maximum range of ratio val-

ues occurs in 7/"1: a minimum range of ratio values occurs

in 6/5 and 7/6. Of the 52 soil/rock PFRS spectra mea-

sured at 19 sites, only four exhibit all the maximum ratio
values, and three exhibit all the minimum values.

Table 13-19 shows that both the maximum and mini-

mum values for several ratios are represented by the same

sample pair, e.g., samples CAI8 and CA2 for ratios 2/1,

5/1, 6/1, 5/4, 6/4, and 6/5. Such ratios are considered

redundant. For ratios showing the same sample pair for

maximum-minimum values, that ratio exhibiting the larg-

est range of values is considered significant for soil/rock-

type discrimination, and only those ratios with maximum

or minimum values that differ from the mean by more than

one standard deviation are considered most significant. On

the basis of these two measures of significance and an eval-

uation of field descriptions and XRD mineralogical anal-

yses of PFRS samples, the following observations specific
to the Coyanosa test site have been made:

(1) Band-ratios 3/2, 4/3, 5/4, 6/4, 6,/5, 7/5, and 7/6 are

not considered significant for soil/rock-type
discrimination.

(2) Band-ratios 2/1, 5/i, and 6/1 are equivalent; 5/I

values are most significant because of the larger range

of values. High values occur in goethitic, kaolinitic

limestone (CA 18); low values in quartz-poor, gypsif-
erous clay (CA2).

(3) Band-ratios 3/!, 4/1, and 7/1 are equivalent: 7/1

values are most significant because of the larger range
of values. High values occur in light reddish-brown,

gravelly, calcareous, quartz sands (CAI 1); low val-

ues in quartz-poor, gypsiferous clay (CA2).

(4) Band-ratios 6/2, 7/2, 6/3, 7/3, and 7/4 are equivalent;

7/2 values are most significant because of the larger

range of values. High values occur in light-tan/gray,

silty, calcareous, kaolinitic, quartz sands that are

slightly goethitic (CA 19); low values in quartz-poor,

gypsiferous clay (CA2).

(5) Band-ratio 4/2 is maximum in light reddish-brown,
gravelly, calcareous, quartz sand (CAI 1); minimum

in light-tan, sandy, calcareous, silty clay (CA6).
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Figure 13-34. PFRS soil/rock field spectra exhibiting the maximum equivalent NS-001 VNIR band-raUo values (see Table 13-19)

(6) Band-ratio 5/2 is maximum in light-tan to light red-

dish-brown, gravelly, calcareous, silty quartz sands

that are slightly goethitic (CAI 1, CA19); minimum

in quartz-poor, gypsiferous clay (CA2).

(7) Band-ratio 5/3 is maximum in light-tan/gray, silty,

calcareous, kaolinitic, quartz sands that are slightly

goethitic (CAI9, CA7); minimum in light-gray, cal-

careous, gravelly quartz sand (CA4).

Table 13-20 summarizes the combined results of the soil/

rock and vegetation field spectra ratio analyses. An evalua-

tion of these data gives insight into potential effects of this

mixing on NS-001 data acquired at Coyanosa:

(i) Maximum vegetation ratio values are higher than

soil/rock maxima for 4/1, 5/1/ 4/2, 5/2, 4/3, and

5/3. An increase in vegetation cover should there-
fore result in an increase in these ratio values

D. Combined Soil/Rock and Vegetation NS-001
Band-Ratio Values

Because vegetation cover in the Coyanosa test site aver-

ages approximately 30 percent, the spectral characteristics

of individual pixel areas sensed by the NS-001 are the result

of a mixture of both soil/rock and vegetation spectral com-

ponents. To enhance and evaluate NS-001 ratio images,
the effects of this spectral mixing must be considered. Insight

into this mixing problem may be gained by comparing the

range of equivalent PFRS ratio values for the two end-

member spectral phases.

(2)

(3)

Minimum vegetation ratio values are lower than soil/

rock minima for 2/1, 3/I, 3/2, 5/4. 6/4, 7 '4 6/5,

7/5, and 7/6. An increase in vegetation covel should
therefore result in a decrease in these ratio values.

Ratios for which both maximum and minimum val-

ues occur in soil/rock spectra (i.e., the range of vege-

tation values is intermediate) are 6/!, 7/1, 6/2,

7/2, 6/3, and 7/3. Based on the evaluation of soil/

rock ratio redundance of these six ratios, only three

are considered nonredundant: 6/1, 7/1, and 7/2.
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Figure 13-35. PFRS soil/rock field spectra exhibiting the minimum equivalent NS-001 VNIR band-raUo values (see Table 13-19)

(4) No ratios have both maximum and minimum values

in vegetation spectra.

X. Sensor Spectral Data

A. IntroducUon

The analysis of the spectral characteristics of Coyanosa

cover types was based on 127 field and laboratory spectral

measurements at over 60 sites. NS-001 multispectral data
acquired in each of two overflights include spectral mea-

surements at over 13,500,000 sites (15-m picture elements,

or pixels). Landsat MSS data acquired in each of five scenes

used in the test site study include spectral measurements at

over 1,000,000 sites (80-m pixels). Clearly, any analysis of

the spectral characteristics of the Coyanosa test site should

include an evaluation of the image data themselves. The
following discussion of multispectral data from one NS-001

test site overflight and one Landsat MSS scene illustrates

an approach to evaluating the spectral information con-
tained in these scanner data.

B. NS-001 Data, Mission 403, Line 3

Table 13-21 shows the interband correlation for the six

operative NS-001 VNIR bands for data acquired on Mis-

sion 403, line 3. This matrix results from the analysis of
over 4,500,000 pixels. NS-001 interband correlation is

extremely high for the Coyanosa test site area: the test site

is spectrally homogeneous in the bands sampled by the

scanner. By inference, the spatial variability of Coyanosa
cover is very low. The lowest interband correlation is

between bands 3 and 4, indicating that the most significant
contribution to the variance of these NS-001 data is due to

vegetation.

Further insight into the nature of these data is provided

by principal components analysis. For a complete discus-
sion of this multivariate statistical technique, refer to Davis
(1973).

Table 13-22 summarizes the six operative NS-001 VNIR

band eigenvectors for the first three principal components
(PCs). These eigenvectors are rather low, reflecting the high

13-35



Table 13-20. Summary of equivalent NS-001 band-ratio values
including both soil/rock (Table 13-19) and vegetation (Table 13-16)
PFRS field spectra

Calculated Ratio Value From

Equivalent PFRS Spectra (Sample)
NS-001 Ratio

Maximum _ Minimum a Range

2/1 1.7 (CAI8) I.I (SI) 0.6

311 2.3 (CAll) I.I (S} 1.2
4/I 3.6 (SI) 1,7 (CA2) 1.9

5/1 3,7 (S 1) 1.9 (CA2) 1.8
6/'1 4.1 (CAI8) 1.8 (CA2) 2.3

7/'1 3,5 (CA 11) 1.0 (CA2) 2.5

3/2 1.5 (CAll) 1.0 (SI) 0.5
4/2 2.9 (S) 1.3 (CA6) 1.6

5,/2 2.9 (S) 1.5 (CA2) 1.4

6/2 2.9 (CA 19) 1.5 (CA2) 1.4

7/2 2,4 (CA 19) 0.8 (CA2) 1.6

4,,"3 3,0 (S) I.I (CA6) 1.9
5/'3 3.0 IS) 1.3 (CA4) 1.7

6/3 2.3 tCA 19) 1.3 (CA2) 1.0

7/3 1.9 (CAI9) 0.7 (CA2) 1.2

5/'4 1.5 (CAIS/ 1.0 (SI) 0.5

6/4 1.9 (CA 18/ 0.6 (S) 1.3

7./4 1.4 (CAI9) 0.3 (Sl) I.I

6/'5 1.3 {CA 18) 0.6 (S) 0.7

7/'5 1.0 (CAI9) 0.3 (SI) 0.7

7/6 0.9 (CAll) 0.6 (CA2, SI) 0.3

_"S'" designation indicates that both SI and $2 are higher or lower than
soil/rock maximum or minimum.

Table 13-21. Correlation matrix for the six NS-001 VNIR band data

(band 5 Inoperative)acquired on Mission 403, line 3, June 18, 1979,
Coyanosa test site

NS4}01
I 2 3 4 6 7

Band

I 1.000

2 0.995 L000

3 0.980 0.992 1.000

4 0.983 0.986 0.977 1.000
6 0.987 0.989 0.987 0.983

7 0.980 0.985 0.988 0.978
f.O00

0.997 1.000

Table 13-22. NS-001 Mission 403, line 3, June 18, 1979, PC analy-
sis: Eigenvectors of six VNIR bands (band 5 inoperative) for first
three PCs

NS-O01 Band
PC

1 2 3 4 6 7

V1 0.2840 0.4114 0.5111 0.3970 0.3815 0.4309

V2 0.0601 0.1507 0.0174 0.7331 0.3981 -0.5266

V3 0.5125 0.5328 0.1403 0.5189 0.2188 0.3413

interband correlation already noted. Understanding the

physical meaning of these PCs is aided by interpreting the

"spectra" shown in Figure 13-36.

The first PC is approximately equally and positively

weighted for all bands, it may be considered an approxi-

mation of the "mean" radiance in all six bands or a mea-

sure of albedo variance of the Coyanosa scene. Ninety-nine

percent of the variance of the NS-001 data is explained by

this first PC. Apparently, most of the spectral variability of

Coyanosa cover may be attributed solely to variation in

albedo. This observation is consistent with the high inter-

band correlation shown in Table 13-21. The greatest varia-

tion in albedo for surface materials at Coyanosa is associated

with differences in the relative cover of soil/rock (high

albedo) and vegetation (low albedo). An increase in the

first PC is therefore largely a measure of an increase in the

contribution of the soil/rock spectral component or a

decrease in the vegetation spectral component.

The second PC is most positively weighted on band 4.

Low weights are associated with bands 1, 2, and 3 and neg-

ative weights with bands 6 and 7. This PC will vary in a

manner similar to band ratios having band 4 in the numer-

ator and bands 1, 2, 3, 6, or 7 in the denominator. These

relationships and the overall form of the V2 spectrum

(compare to SI, Figure 13-30) demonstrate that this com-

ponent is a measure of the albedo (V 1) independent con-

tribution of vegetation spectral variability to the variance

of these scanner data.

The third PC is positively weighted on bands 4, 6, and 7

and negatively weighted on bands 1, 2, and 3. This PC will

vary in a manner similar to ratios having bands 4, 6, and 7

in the numerator and bands 1, 2, and 3 in the denomina-

tor. These relationships and the overall form of theV3

spectrum (compare to Figure 13-31) support the interpreta-

tion that this component is a measure of the contribution

of iron-oxide-bearing soil/rocks to Coyanosa NS-O01 data

variance.

C. Landsat MSS Data, October 4, 1975

Tables 13-23 and 13-24 and Figure 13-37 illuslrate the

results of a similar analysis of Landsat MSS data. Inter-

band correlation is high, although somewhat lower than

the NS-001 data. This lower interband correlation may be

considered an indication of more information (variance) in

these Landsat MSS data. Alternately, correlation differ-

ences may only reflect the difference in acquisition dates

(June 18, 1979 for the NS-001 data and October 4, 1975 for

the Landsat MSS data). As with the NS-001 data, Landsal

MSS PC 1 is interpreted as a measure of albedo; PC 2,

vegetation: and PC 3, iron-oxide-bearing soil/rock.
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Figure 13-36. PC spectra for NS-001, Mission 403, line 3, June 18, 1979. Spectra were constructed by connecting elgenvector values for each PC

(Table 13-22) plotted at band centers.

Table 13-23. Correlation matrix for Landsat MSS data acquired

Oclober 4, 1975, Coyanosa test site

MSS
4 5 6 7

Band

4 l.O00

5 0.946 1.000

6 0.826 0.861 1.000

7 0.718 0.738 0.948 1.000

Table 13-24. Landsa! MSS principal components analysis for data

acquired October 4, 1975 a

Variance MSS Band
PC

Explained, % 4 5 6 7

89 V I 0.343 0.588 0,579 0.449

9 V2 0,366 0.604 0.357 0.611

l V3 0.799 0.365 0.352 0.323

a Eigenvectors for the four bands are shown for the first three PCs. The

fourth PC explains much le_ than 1 percent of'the variance.
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Figure 13-37. PC spectra lot Landsat MSS data, October 4, 1975.

Spectra were constructed by connecting eigenvector values for each

PC (Table 13-24) plotted at band centers.
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XI. Geological Interpretation of Landsat MSS
and NS-001 Multispectral Data

A, Image Interpretation

1. Introduction. The purpose of image analysis in the test

site investigation was (1) to evaluate the geological signifi-

cance of image features in relation to our current under-

standing of the surface and subsurface geology, and (2) to
establish whether any relatively unique and mappable image

features or combination of features occurring at the test

site can be used as exploration leads or clues to subsurface

accumulations of oil and gas. An understanding of the

subsurface structural and stratigraphic controls of an accu-

mulation as well as knowledge of surface geology, soils,

vegetation, spectral characteristics of cover materials, and

geomorphic processes active in a region are vital to the

evaluation of features mapped on images. Wherever possi-
ble, these ancillary data were considered in image

interpretation.

There were two primary objectives in image analysis:

(!) Initial interpretation of images for any unusual

structural, geomorphic, and/or spectral conditions that

may coincide geographically with known subsurface

hydrocarbon occurrences.

(2) Evaluation of any potentially anomalous structural

and/or spectral features from all available surface

and subsurface geological and spectral data. Those

features that could not be readily explained were

selected for more detailed investigation.

2. Methods of investigation. Standard photogeologic

techniques were used in the image interpretation and anal-
ysis. Typically, higher altitude or smaller scale image data

were interpreted first. This approach allowed the inter-

preter to place the test site in a regional geologic and spec-
tral framework. The regional perspective permits the rapid

assessment of the structural and spectral norm against which

unusual conditions may be recognized. Because the struc-

tural and spectral interpretations were done separately, the
results of each will also be discussed separately.

B. Structural Interpretation

1. Introduction. The primary objective of the image

structural interpretation was to identify surface geologic

structures and/or geomorphic conditions that could be
indicative of favorable subsurface structures which are

necessary for the entrapment and accumulation of oil and

gas. These subsurface structures include folds, horst blocks,

and zones of increased porosity and permeability due to

fracturing and faulting.

2. Scientific rationale. The principles of geomorphology

apply to all scales of image data the way the photogeologic

principles of opposing dips, rule of "Vs," stratigraphic off-

sets, etc., apply to the interpretation of surface structures

(folds, dip direction, faults, etc.) on all image scales. The

primary effect of changes in scale of image data is a change
in the scale of the structure or implied structure recog-

nized. Analysis of small-scale images such as Landsat should

reveal the surface effects of large deep-seated structures,

whereas analysis of large-scale images tends to reveal smaller

and shallower structures, and possibly only a portion of

larger deep-seated structures.

Due to the scarcity and erratic distribution of outcrops

in the test site area, the utility of standard photogeologic

interpretation of structure was very limited. Most struc-
tural information was therefore obtained from a geo-

morphic interpretation of images. Careful analysis of

drainage, textural, and erosional patterns can lead to an

understanding of the important structural elements in the
test site. Geomorphic analysis is especially effective in an

area such as the Coyanosa test site, where subcrop dips are

gentle and subsurface geology is masked by soil, collu-
vium, and pediment gravel cover. The main premise in this

approach to image interpretation is that the subsurface
structure, although covered, is reflected at the surface in

drainage, soil, and vegetation patterns by the mechanisms
of:

(I) Differential compaction of strata

(2) Draping of strata

(3) Differential erosion of soil units

(4) Minor near-surface readjustments on preexisting

faults or uplifts

(5) Faults and fracture zones affecting permeability in
near-surface units which in turn affect local soil

moisture conditions and vegetation distribution

Surface indications (geomorphic evidence) of possible

subsurface structure were mapped as follows:

(1) Indications of fractures (faults, fault zones, and joint

systems):

(a) Anomalously straight stream courses and

segments

(b) Parallel and en echelon drainage patterns

(c) Angular drainage patterns, right-angle bends, and

barbed tributaries (linear tributaries entering the

main stream against regional slope)

(d) Alignment of linear tributary segments across

streams or ridges
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(e) Linear topographic scarps

(f) Tonal or vegetation alignments

(g) Alignment of drainage disruptions, i.e., right-angle
bends in tributaries or main streams across sev-

eral stream courses

(2) Indications of anticlinal or domal uplifts:

(a) Arcuate drainage patterns suggestive of folds

(b) Double drainage deflections (opposing arcuate
patterns) by two streams, suggestive of structural

highs

3. Results of structural interpretation

a. Structural interpretation-regional. Color infra-

red Landsat images, 20255-16461 (October 1975, 1:500,000)

processed by JPL (Figure 13-38) and 2741-16332 (Febru-

ary 1977, i:300,000) processed by Superior Oil Company

(Figure 13-39), were interpreted fc_r both regional and local

structure. Plate 13-1 includes a composite interpretation of

both of these images. An EROS-processed EDIES Landsat

image (February 1977) was also interpreted but added very

little additional information. The JPL and Superior Oil

images provided 99 percent of the regional structural
information.

The generalized regional structural interpretation (Fig-

ure 13-40) illustrates the relationship of the test site to the

major structural elements of the area. The region north and
east of the Pecos River appears relatively undisturbed

structurally. The east edge of the Central Basin Platform

and the west margin of the Midland Basin are expressed

by a broad tonal change (darker tones in Midland Basin)

and a subtle topographic scarp along which light-toned sand

dune fields are aligned. A major change in surface units,
and possibly structure across the Pecos River to the west

and south, is indicated by dramatic texture, tone, and
drainage pattern differences on either side of the river.

The regional structural interpretation (Figure 13-41

and Plate 13-1) shows two well-developed NNW linea-

ment systems south of the test site. The easternmost system

is expressed as long parallel to subparallel anomalously

straight drainage segments (Coyanosa Draw) entering the

test site in the vicinity of the Coyanosa field. It continues

northward and merges with a NW-trending (Hackberry

Draw) lineament system. The western lineament system is
less well defined to the south of the test site, but becomes

well defined by the long straight segment of Barrilla Draw,
where it traverses the southern border of the test site. The

region around the test site is also characterized by several

locally well-developed NE lineament trends composed of a

fairly well-defined parallel set southwest of the test site and

by an en echelon pattern expressed in the southern exten-

sion of Hackberry Draw and its tributaries.

The parallel relationship of the NNW and NW linea-

ments to the trend of the Central Basin Platform suggests

that these lineaments are the surface expression of deep-
seated faults and zones of weakness associated with basin

tectonics and the development of the Central Basin Plat-

form. The northwest Hackberry Draw en echelon system

parallels one of the major structural features of the region

as mapped in the subsurface by Fok (1972), Figure 13-14.

Regionally, the area south and west of the Pecos River

contains an unusually large number of curvilinear drain-

ages, drainage deflections, arcuate scarps, and oval to cir-

cular tonal and outcrop patterns. Comparison of these

features with producing areas (Figure 13-41b) shows a fair

correlation of these features with some structurally con-

trolled oil and gas fields. Only those fields that correlate

with a geomorphic feature are shown in Figure 13-41. If all

of the oil and gas fields in this prolific region were plotted,

they would obliterate the structural information. The fair

correlation of geomorphic features with producing areas

suggests that many structural closures are expressed at the

surface and, therefore, have influenced drainage and ero-

sional patterns in overlying units. But it is important to

note that the majority of the oil and gas fields do not appear

to be expressed in the geomorphology: therefore, the cor-

relations recognized may partially be a function of the large

number of fields in the region. An evaluation of these spa-

tial correlations requires an in-depth study of the struc-

tural controls of all fields in the region. Nevertheless, the

correlations exist as shown and should not be ignored. It

would be unreasonable to expect all fields to be equally

well expressed on the regional Landsat MSS interpreta-

tion. The Worsham field, however, is in part a WNW- to

E-W-trending anticline in the subsurface (Figures 13-8,

13-9, 13-10, and 13-12) and is expressed on the Landsat
MSS images by opposing arcuate scarps along the east side

of Toyah Creek and along the west side of Hackberry Draw.
The Worsham field area is bounded on the east and west

by regional NNW-trending lineaments.

b. Structural interpretation-Cor,anosa test site. Follow-

ing the regional examination of the area. a detailed Land-

sat MSS interpretation of the Coyanosa test site was
undertaken and the results were transferred to the 1:48,000

base map (Plate 13-1) for comparison with the NS-001
interpretation.
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Figure 13-38. Full-scene Landsat MSS high-contrast color infrared composite Image, October 4, 1975. This image was produced using a PC
stretch (VICAR, PGSTR): band 4 (0.55 p.m), blue; band 5 (0.65/_m), green; band 7 (0.86 #m), red. The test site is outlined; dashed line outlines

a light tonal feature.
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Figure 13-39. Landsat MSS standard color infrared composite subscene, February 1, 1977: bands 4 (blue), 5 (green), 7 (red). The test site is

outlined; dashed line outlines a light tonal feature.
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The most pronounced structural features in the Coyan-

osa test site are the NNW-trending lineaments bounding
the east and west sides of the Worsham anticline. In addi-

tion to these lineaments, the Worsham field is bounded on

the northwest by several arcuate topographic scarps along

the east side of Toyah Creek. A broad, curved drainage

that joins the northwest and northeast linear portions of

Hackberry Draw and cuts through the center of Waha field

approximately bounds the Worsham field producing area
to the east. When this curved drainage is viewed in relation

to the curved scarp to the west, it suggests an uplift or clo-

sure beneath the Worsham field and along the western half

of Waha field. Erosional rounding of a fault intersection,

however, may be responsible for the broad curve along

Hackberry Draw. The north end of Hackberry Draw enters
the Pecos River Valley against the regional slope (i.e., it is

a barbed tributary to the Pecos River), indicating probable

fault control. The en echelon arrangement of the other lin-

ear drainages paralleling the south end of Hackberry Draw,

coupled with the very angular fracture- or fault-controlled

tributaries on its west side, provides additional support for

probable fault control of this segment of Hackberry Draw.

These structures plus the relatively well-developed double

drainage deflection centered over Worsham field are the

primary image clues to possible subsurface structural clo-

sure or uplift in the Worsham field area.

A compilation of subsurface structures (Figure 13-14)

reported by various workers in this area and the structure

maps on top of the Lamar shale and the Ellenburger For-
mation (Figures 13-10 and 13-12) lend very strong sup-

portive evidence that deep structures are expressed in the

surface drainage patterns. The following correlations

between the Landsat MSS interpretation (Plate 13-1) and

subsurface structure are apparent:

(I) The location and trend of the north and south sec-

tions of Hackberry Draw closely match regional fault

systems (Figure 13-14).

(2) The NNW-trending Coyanosa Draw lineament closely

parallels the regional fault trend as well as individ-
ual faults mapped in Ordovician (Ellenburger), Mis-

sissippian, and Pennsylvanian subsurface horizons.

This lineament also coincides with the west-bounding

fault of the basement horst block upon which the

Coyanosa Anticline developed (Figure 13-14, Basin

Edge fault zone).

(3) Although the NW-trending lineament formed by the

north end of Hackberry Draw cuts across the Waha
field outline, the lineament closely parallels the Waha
anticlinal axes and bounds the west side of the Lamar

level of structural closure in the field.

(4) The arcuate scarps on either side of the Worsham-

Waha fields roughly mark the limits of structural
closure at the Lamar level for both fields.

(5) A small double-drainage deflection near the west end
of the Worsham field correlates well with a small

satellite closure at the Lamar level. This area coin-

cides with the Riplinger field (Figure 13-8).

(6) Although the concentric double-drainage deflections
located in the north central portion of the Worsham
field are much smaller than the overall subsurface

structural closure, it is important to note that they

are located over the crestal or highest structural

position of the Lamar shale and the Ellenburger
Formation within the field.

Deep Ellenburger production throughout the Delaware
and Val Verde Basins is commonly controlled by fold cul-

minations over basement horst blocks. This relationship,

coupled with the apparent surface expression of these fea-
tures on Landsat MSS images, indicates that lineament

mapping and drainage analysis are equally important in

providing potential structural information that can be used
in identifying exploration targets in this region.

An NS-001 color ratio composite image (Figure

13-42) was also interpreted for surface features which might
reflect subsurface structure. The results of this interpreta-

tion are included in Plate 13-1 for comparison with the

composite Landsat MSS interpretation. Such a comparison

gives insight into the effects of increased spatial resolution

in structural applications:

(I) Most lineaments and arcuate drainage deflections,

scarps, and topographic boundaries recognized in the
Landsat MSS data were also identified in the inde-

pendent NS-001 interpretation. Minor spatial offsets
of some of these features in the two interpretations

may be the result of inaccuracies in image/map reg-

istration due to differences in spatial resolution or

may be the result of subjective location differences

due to operator bias (for example, the Barrilla Draw
lineament).

(2) Some of the features shown as lineaments

(i.e., interpreted as "straight" on the Land_at MSS

interpretation) are identified as arcuate geomorphic
features on the NS-001 interpretation (for example,

the Coyanosa Draw Landsat MSS lineament). This

is probably a result of the "straightening" of slightly
curved features with a decrease in image scale and

decrease in spatial resolution (1:48_000/15 m for

NS-001 structural interpretation and 1:200,000-

500,000/80 m for the Landsat MSS composite

interpretation).
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Figure 13-40. Generalized regional interpretation of Figure 13-38 showing major lectonic/physiographi¢ elemenls of the lest site vicinity.

The Coyanosa test site ts outlined.
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Figure13-41.RegionalcompositeLandsatMSSstrucluralinterpretation:(a)thecolorinfraredLandsatsubsceneshowninFigure13-39;
(b)regionalLandsatstructuralinterpretationshowingtestsiteoutlineandselectedoil/gasfields
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Figure 13-42. NS-001, Mission 403, June 18, 1979, color ratio composite mosaic of lines 1, 2, 3: ratios 2/3 (green), 2/4 (blue), 6/7 (red). This

Image was printed at 1:48,000 for detailed interpretation shown in Plale 13-1.

13-46



(3) In many cases, single Landsat MSS lineaments are

portrayed as discontinuous lineament segments

(Barrilla Draw) or as a conjugate set of short en ech-

elon lineaments (southern Coyanosa Draw) in the NS-

001 interpretation. These finer-scale NS-001 features

are probably substructures of the larger deep-seated
features shown in the Landsat MSS interpretation.

This variation also reflects the averaging effect of

scale/resolution changes in comparing NS-001 to

Landsat MSS images.

(4) Lineaments and arcuate drainage deflections,

scarps, and topographic boundaries recognized in the

NS-00I image that have no Landsat MSS equiva-

lents are interpreted to be the surface expression of
subtler, smaller, and shallower subsurface structures

than those expressed by the smaller-scale Landsat
MSS data.

C. Spectral Interpretation

1. Introduction. The phenomenon of seepage of hydro-

carbons from petroleum reservoirs is known to exist and

has been used with varying amounts of success in explora-

tion by geochemists in soil gas surveys both on- and off-

shore. Surface alteration consisting of chemical and

mineralogical changes in soils and rocks overlying leaking

hydrocarbon traps has been investigated and documented

by Donovan and others (Dalziel and Donovan, 1980: Don-

ovan, 1974: Donovan et al., 1975). An example of this type
of surface alteration occurs at the Cement Creek Anticline

in the Anadarko Basin of Oklahoma where visible leach-

ing of iron oxides occurs directly over the reservoir, with

apparent re-precipitation of this iron around the periphery
of the anticline. Additionally, an increase in calcium car-

bonate cement also occurs in bleached, light-toned rocks in

the crestal portion of the anticline.

The objective of spectral interpretation of images is to

investigate the Coyanosa test site for the presence of spec-

tral or tonal manifestations of possible alteration of soil/

rock or vegetation that is potentially related to the micro-

seepage of hydrocarbons. Although the phenomena sought

in the spectral interpretation of images are assumed to be
similar to those associated with the Cement Creek Anti-

cline, the basic interpretation model (types of surface
anomalies thought to be important) is open ended. This is

because the Cement Creek Anticline, while fairly well

understood, is probably an end-member example of the

effects of alteration. The interpretation of Coyanosa image

data was therefore based primarily on the Cement Creek

model, but also allowed for the presence of other unex-

pected surface spectral features potentially related to the

seepage of hydrocarbons.

The following spectral classes were important during

spectral interpretation and analysis of the image data:

(1) Ferric oxides

(2) Light-toned or bleached zones with possible increase
of calcium carbonate

(3) Hydroxyl-bearing minerals (clays, gypsum, etc.)

(4) Anomalous vegetation patterns or spectra

(5) Any other unexplained changes of surface materials

and/or their spectra

2. Method of investigation. Once initial mapping was

completed, the next step in image interpretation was to

thoroughly investigate each spectral feature or class with

respect to field and laboratory spectral and mineralogical

data, soil maps, geology, and field vegetation information

to determine if any anomalous condition existed over oil/

gas fields.

To evaluate seasonal spectral variations in the data as

well as the difference in response of surface material to a

variety of enhancement techniques, five Landsat M SS scenes

acquired on three different dates were selected for initial

processing and interpretation. Three scenes were processed

to produce the six images (Table 13-25) used in the detailed

spectral interpretation. NS-001 data were processed to a

color infrared composite and color ratio cornposites for

detailed interpretation.

3. Results of the spectral interpretation. All Landsat MSS
and NS-001 images were interpreted for tonal and/or

spectral features or classes (areas having similar spectral

response, color, or tone). The spectral classes or color groups

for each image were mapped independently of the other

images. The interpretations were then compiled at the same

scale for class identification, evaluation, and comparison.

Spectral class interpretation involved the identification and

assignment of each spectral feature mapped to a composi-
tion or cover type assemblage. Identification of the com-

position of a spectral class was based on its spectral
characteristics or ratio response as determined in a field/

laboratory spectral analysis of cover types (discussed in

Paragraph VIII). Class identification on the PC inaage was

done by comparing the mapped classes to the response of

known materials delineated on the ratio image of the same

Landsat MSS scene. Evaluation of these results with respect

to available soil, geologic, and vegetation information should

reveal any potentially anomalous spectral features or classes

requiring further analysis.
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Table13-25.Imagesusedforspectralinterpretation

Sensor Processing, issionNumber [)ale Scale

[,andsat MSS JPL: PGSTR 20255-16461 10-4-75 I:5(X).(XIO
SUPERIOR: CIR 2741- 16332 2-1-77 I:300.0(R)
SUPERIOR: 4,,5,4 6.6 7 2741-16332 2-1-77 I:3{X).000
JPL: PGSTR 20399- 16440 2-25-76 1:5(X),0(R)
JPL: 4/5,4:'6,6/7 20399-16440 2-25-76 1:500,(XIO
JPL: PC 20399-16440 2-25-76 1:5(R).(XX)

NS-001 JPL: 2.3.4 403 6-18-79 1:48,(RX)
JPL: 23,2/4,6/7 403 6- I8-79 1:48,000
JPL 6,7,6/1.3/2 390 10-12-78 1:96,0{X)

Analysis of the spectral characteristics of surface mate-

rials in the test site made possible the identification of sev-

eral distinctive spectral/compositional classes. Those most

easily identified included vigorous vegetation, barren ground,
ferric oxide concentrations in soils and rocks, and mixtures

of these. The spectral classes interpreted from selected

images and their distribution are shown in Figures 13-43,
13-44, and 13-45 and Plate 13-1.

Comparison of these interpretations illustrates the fairly
good correlation and coincidence in the location and dis-

tribution of the areas occupied byr a number of spectral

classes on all images. This agreement among multitem-

poral images was achieved in spite of the independent

interpretation of each image and the subjective nature of

this type of visual grouping of classes. Most or possibly' all

of the location and composition variations among the classes

mapped on different images can be explained by the sub-

jectivity in mapping class boundaries and by, seasonal
and annual differences in the type, density', and vigor of

vegetation.

Although several potentially anomalous spectral fea-

lures were mapped within the test site, their anomalous

character was negated when they were evaluated in the

context of the surrounding region or compared to the

ancillary data. Each of these potentially anomalous spec-
tral classes or surface conditions is discussed below.

a. Ferric oxides. Ferric oxides, occurring in red beds and

iron-rich soils, were identified in each of the images stud-

ied and comprised the most consistenlly mapped spectra[
class. The variation in the size and distribution of this class

is primarily a function of the type of image interpreted.

Landsal MSS images (Figures 13-43 and 13-44) using the

4/5, 4 6 and 6,7 ratios and the NS-001 ratio image (Fig-

ure 13-42 and Plate 13-1) are superior to both the color

infrared images (Figures 13-38 and 13-39) and the PC image

(Figure 13-45) for enhancing and mapping the distribution

of iron oxides. The distribution of ferric oxides ringing the

Worsham Waha field area (Figures 13-43, 13-44, and

13-45 and Plate 13-1) at first appears suspicious until the

full geologic and geomorphic setting of the test site is

appreciated. The Worsham-Waha fields are located on a

relatively flat, locally incised, erosion surface covered in

part by' pediment gravels and protected from erosion by' a

well-developed caliche horizon. The regional dip of lhe

underlying units appears to be fairly gentle in a northerly'
or northeasterly direction. Local downcutting by' the
Pecos River, to the north, and Barrilla Draw and its tribu-

taries, to the west, have exhumed the underlying Triassic

Dockum red beds (Figure 13-2).

The elongate iron-rich zone and associaled patches in

the north central portion of the test site belong to the Pyote,

Wickett, and Sharvana soils (unit 9, Figure 13-25 and Table

13-9). These soils consist of yellowish-red to reddish-brown

loamy fine sands of eolian or alluvial origin. Examination
of the Landsat MSS ratio images (Figures 13-43 and

13-44) indicates thai these patches are on the southernmost

fringe of a regionally widespread soil type that occurs

throughout much of the Delaware Basin. primarily in the
area north and east of the Pecos River. The othe_ areas of

interpreted ferric oxides are primarily iron-rich soils derived

locally' from near-surface Dockum red beds in the semiarid
environment of the test site.

A combination of topography, erosional patk.rns, and

distribution of locally derived, reddish iron-rich soils can

create some interesting and potentially "'anomalous" pat-
terns, especially if the local geology and geomorphology

are ignored. An example is shown in Figure 13-46, an
NS-001 color ratio composite image of a small mesa-like

feature localed just south of the Pecos River in the eastern

part of the test site. Preliminary interpretation of this image

suggested the presence of an iron-oxide halo or surface
alteration effect potentially' related to hydrocarbon micro-

seepage. The ring of iron oxides in this ratio image is more
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Figure 13-43. Landsat MSS color ratio composite subscene, February 1, 1977: ratios 4/5 (blue), 4/6 (green), 6/7 (red). Spectral classes outlined:

F, ferric oxides; V, vigorous vegetation; V and SF, vigorous vegetation with scattered ferric oxides; C, Y-G, and Y-G-C, bare ground and/or dor-

mant vegetation; T, Toyah Lake. U.S. Highways 80 and 285 and circular tire testing track are also shown to aid in location (see Figure 13-1 ).

likely lbrmed by reddish soils derived from shallow, sub-

cropping Dockum red beds beneath and flanking a flat-

topped. NE-dipping erosional remnant of a caliche hori-

zon. A cross section (Figure 13-46) illustrates the configu-
ration or" this mesa-like feature. Since ratioing tends to

reduce topographic effects, the geomorphic character of this

feature is not very evident on the NS-001 ratio images

{Figures 13-42 and 13-46). Color infrared photography and
the color infrared NS-001 image (Figure 13-47t, however,

clearly reveal the mesa-like form of this feature. The lack

of a striking iron-oxide ring in the NS-001 ratio image

(Figure 13-42) used for this study is primarily due to the

more vigorous vegetation ltanking the mesa on June 18,1979
(date of Mission 403). The mixture of the healthy vegeta-

tion spectra with the iron-oxide spectra of these iron-rich

soils {Table 13-26) has resulted in a broad, subtle yellow

brown smear in the vicinity of the mesa on Figure 13-42.

The NS-O01 image (Figure 13-46) was acquired on Octo-

ber 12, 1978, when the vegetation in this area was dormant

or very sparse, thereby allowing the iron-oxide spectra of
the soil to dominate the ratio image.

No anomalous or unexplained concentration of iron

oxides was found in either the outcrops or soils of the (2o\-
anosa test site.

h, Light-toned spectral.li, atures. Of all the potentially
anomalous features mapped on the Landsat MSS and

NS-001 images, the most persistent spectral fcaturc is a

N S-trending, light-toned area which was first recognized

on the Landsat MSS February 1, 1977 color infrared iFig-
ure 13-39) and the October 4. 1975 PGSTR color infrared
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Figuro 13-44. Landsat MSS color ratio composite subscene, February 25, 1976: ratios 4/5 (blue), 4/6 (green), 6/7 (red). Spectral classes out-

lined: F, ferric oxides; V, vigorous vegetation; SF, bare ground with scattered ferric oxides; SV, bare ground wilh scattered vigorous vegetation; V

and SF, vigorous vegetation with scattered ferric oxides; C, L-C, and LTA, bare ground and/or dormanl vegetation; 1",Toyah Lake.

(Figure 13-38) images. The light-toned area consists of a
smooth rounded ridge or broad nose along the west side of

Hackberry Draw. The northern third of this spectral fea-
ture overlies the western half of the Waha field in the most

intensely fractured and faulted portion of the test site. This
spatial correlation suggested a possible anomalous situa-

tion requiring further investigation.

The tonal feature is much more subtle on the color

infrared NS-001 image (Figure 13-47) and is not unusually

different from the shallow caliche soils developed over much

of the area to the west. It does appear more vegetated over

its northern half and along its eastern side. The smooth,

light bluish-gray tone and texture of the feature's relatively
barren southern end are almost identical to the tone and tex-

ture of the very sparsely vegetated areas of caliche soils

overlying Dockum red beds along the linear tributary of

Barriila Draw. A comparison of this feature with the soil

map (Figure 13-25) shows an excellent correlation with the

pale-brown gravelly loam of the Delnorte soils (unit 8, Fig-

ure 13-25) that also occur along the eastern side of Barrilla
Draw.

The spectral class interpretation of the Landsat MSS and
NS-001 ratio images (Figures 13-43 and 13-44 and Plate

13-1) indicates that the Hackberry Draw feature is an area

of scattered ferric oxides and relatively sparse but vigorous

vegetation as compared with the areas directly over and to

the south of Worsham field. Comparison of these spectral

classes with the tonal features interpreted originally on the
color infrared images, and the distribution of caliche soils,

indicates that this light-toned feature correlates well with a
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Figure 13-45. Landsat MSS PC subscene, February 25, 1976: bands V1 (blue), V2 (green), V3 (red). Spectral classes outlined: P, L-P, L-Y,
Y-P, Y-O, R, and O-P, ferric oxides; L-C, Y-G, and Dark Mix, bare ground and/or dormantvegetalion; B-M-C, vigorous vegetation with scat-
tered ferric oxides; Y-G-B,bare groundwith scattered vigrousvegetation;T, Toyah Lake.

caliche-rich soil that occurs in an area of dramatic seasonal

vegetation change. The geochemical analyses of soil sam-

ples from the area do not show any anomalously high or

low elemental concentrations. This light-toned area, there-

fore, is not considered to be anomalous and is interpreted
to be unrelated to the subsurface accumulations of oil and

gas. No other light-toned features interpreted from images

were evaluated since none were as persistent as the Hack-
berry, Draw feature. The Hackberry Draw feature is inter-

preted to be the result of normal seasonal variation in

vegetation density and vigor.

c. Hydroxyl and,_or carbonate concentration. Because
Landsat MSS data do not have near-infrared 1.6- and

2.2-_m bands sensitive to the minerals containing hydroxyl
or carbonate ions. this discussion is limited to the NS-001

ratio image (Figure 13-42) and its interpretation (Plate

13-1). The NS-001 2/3, 2/4, and 6/7 ratio image was inter-

preted using a ratio response color chart (Figure 12-32, Lost

River, West Virginia, Petroleum Test Site Report) to eval-

uate the color contributions of the various cover types in

the test site. Table 13-26 was then prepared to aid in the

identification of cover types based on their image color.
Vigorous vegetation is yellow, iron oxides are dark brown

to black, and soils or rocks containing high concentrations

of hydroxyl- or carbonate-bearing minerals are a shade of

magenta.

Of the various spectral classes recognized on the NS-001

ratio image, the only' potentially' anomalous feature is the

broad east-west-trending pink to pale-magenta area in the
northwest-central part of the test site. This area overlies
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Figure 13-46. NS-O01, Mission 390, October 12, 1978, color ratio composite subscene from line 3: ratios 6/7 (blue), 6/1 (green), 3/2 (red). For

location of this subscene, reler to Figures 13-42 and 13-47. The cross section clarifies the cause of the yellow iron-oxide "anomaly": The yellow

image/cross section unit represents iron-oxide-bearing Dockum-derived soil. The lined yellow cross-section unit represents a caliche interval

capping the yellow unit (note pink unit on Figure 13-42). Sparsely vegetated, thin super-caliche soils are shown in brown; more heavily vegetated,

thicker alluvium ol drainages is shown in blue. Thus, the yellow "anomaly" is a typical outcrop expression of a mesa.
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Figure13-47.NS-O01,Mission403,June18,1979,colorcompositemosaicoflines1,2,3:bands2(blue),3(green),4(red).Thisband

combination was selected to produce an image simulation of color infrared photography. Area outlined is shown in Figure 13-46.
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Table 13-26. Ratio response and class identification determined in the spectral interpretation
of NS-O01 2/3 (green), 2/4 (blue), 6/7 (red) color ratio cornposlte Image (Figure 13-42 and
Plate 13-1)

DN Values_ Class
Image Color

2/3 (Green) 2/4 (Blue) 6/7 (Red) identificationb

Yellow 200-255 0-100 200-255 Vegetation
Brown-black 0-40 0-40 0-75 Iron oxides
Light brown 88 40 105 Iron oxides
Pink Pale 150 180 225 OH- and CO3-bearing minerals
magenta
Magenta 115 145 235 OH- and CO3-bearing minerals
Blue 0-20 145-255 0-20 Bare soil, alluvium, dormant

vegetation
Orange 125 75 220 Vegetation with iron oxides

Based on visual comparison of image color to digital number (DN) color chart (Figure 12-32,Lost River,
West Virginia, Petroleum Test Site Report, Section 12).

_'Based on comparison with NS-001 color infrared image (Figure 13-47),field and laboratory spectra
acquired at the test site, published spectra, and field observations.

the northern two-thirds of the Worsham field. Its color can

be attributed to high 6/7 ratio values, high to moderate

2/4 ratio values, and moderate to low 2/3 ratio values. These
ratio values indicate that the area contains sparse to dor-

mant vegetation, low to moderate amounts of iron oxides,

and significant amounts of hydroxyl- or carbonate-bearing

minerals such as clays, gypsum, or calcite. Several other

pink areas on the ratio composite were also mapped; how-
ever, these do not overlie any known production (Toyah

Lake and farmland northeast of Waha and Coyanosa). The

pink image color in the Toyah Lake area results from high

soil concentrations of clay and gypsum. This interpretation

is also supported by the soil map (Figure 13-25), which

shows the Toyah Lake area as a region characterized by a

distinctive gypsiferous soil (units 3 and 5).

The broad east-west pink to magenta feature correlates

with the northern portion of the horseshoe-shaped distri-
bution of the Delnorte-Nickel soils (unit 8, Figure 13-25).
Field examination of the area indicated that the pink fea-

ture on the ratio image is best developed north of an east-

west-trending erosional scarp marked by numerous out-

crops of a caliche soil horizon. These caliche outcrops are
clearly mappable units on the ratio image (Figure 13-42,

narrow bands of a fairly intense orange-pink color). Sev-

eral additional pink bands are located along the dissected

erosional scarps of the Pecos River. On the north side of
the river, the outcrop pattern of Dockum red beds (brown

to black on the image) are also overlain by pink beds, sug-

gesting that a clay- or carbonate-rich horizon is currently

being exhumed by the on-going dissection of this topo-

graphic scarp. This interpretation, which is supported by
field observations, indicates that the pink area over the

Worsham field is a similar, but possibly thicker, spectraUy

unique soil horizon exposed on the dissected north slope of

the broad topographic high located just south of the Wor-

sham field. The intense orange-pink image response of

outcrops on the scarp and the lack of gypsum in soil sam-

ples obtained from this area indicate that the 1.6/2.2 _tm

ratio response is primarily due to the high calcium-carbon-
ate content of an exposed and eroded caliche soil horizon.

The caliche zone is widespread over much of the western
half of the test site as indicated by caliche outcrops (image

pink) above Dockum red beds along Barrilla Draw. This

caliche zone is interpreted to extend across the area between

Barrilla Draw and Hackberry Draw because of the numer-

ous irregular to circular shallow depressions which pock-

mark the area. These depressions are interpreted to be

solution features (incipient karsting) of the near-surface
caliche horizon. The caliche horizon, although widespread,

is not as well expressed everywhere on the ratio image. It is

generally covered by a thin veneer of light brownish-gray

loam of the Upton soils and the light brownish-gray grav-

elly loams of the Delnorte soils (unit 7, Figure 13-25).

The spectral and compositional characteristics of the

broad, pink anomaly on the NS-001 ratio image are not

interpreted to be unusual or anomalous and are not inter-

preted to be related to any surface alteration effects associ-
ated with the microseepage of hydrocarbons from the
Worsham field. The location and distribution of this fea-

ture may, however, be related to subsurface structural clo-

sure, which in turn may have influenced the surface

erosional patterns. More detailed structural information for
shallow subsurface units such as the Dockum red beds would

be required to confirm this inferred structural correlation.
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d. Vegetation. No microseepage-induced vegetation
anomalies were detected in either the Landsat MSS or

NS-001 data. Extreme seasonal variations in vegetation,

however, are evidenced by the spectral interpretation of

multiyear and multiseasonal images. Seasonal or ephem-

eral variation of vegetation is exemplified by the light-toned

image feature mapped along Hackberry Draw. On the

February 1, 1977 Landsat MSS image (Figure 13-39), this

light-toned feature is barren of vigorous vegetation; how-
ever, on the October 4, 1975 MSS image (Figure 13-38),

this area is flanked by a vibrant pink tone, indicating vig-

orous, sparse vegetation. The February 25, 1976 Landsat
MSS color infrared image (Figure 13-48) and the June 1979

NS-001 color infrared (Figure 13-47) and ratio (Figure 13-

42) images indicate sparse but vigorous vegetation over this

area. The Mission 390 NS-001 image data (Figure 13-46)

were apparently acquired during a period of very sparse or

dormant vegetation as indicated by the appearance of the

mesa-like feature discussed in the previous paragraph.

These vegetation differences are interpreted to be a
function of both the amount of available moisture and the

season. For instance, in the three months prior to the time

of acquisition of the October 4, 1975 image data (Figure

13-38), the region had received 177 mm or almost two-thirds
of the rainfall for the entire year (Table 13-8). During the

three months prior to the time of acquisition of the Febru-

ary 1, 1977 image (Figure 13-39), only 30 mm of rain had

fallen. Low rainfall and the mid-winter acquisition date

are the probable causes for the dormant vegetation on this

image. The sparse but vigorous vegetation in the Hack-

berry Draw area in the February 25, 1976 image (Figure

13-48) follows only 20 mm of rainfall in the preceding

months; however, the date of acquisition corresponds with

the beginning of spring in West Texas, Vegetation varia-
tions in the Coyanosa test site are therefore ephemeral,

depending on both rainfall and season. The field vegeta-

tion study of the test site area indicated significant and rapid
local variation in plant species, distribution, and density as

a function of soil type, topography, and water availability.

Any soil/rock spectral variation that could overpower veg-

etation effects would probably be visible in the field. No

such variation was recognized during field examinations of

the area by the test site team.

The rapid lateral and temporal variations in vegetation

in the Coyanosa test site area, related to factors discussed

and illustrated above, preclude any meaningful attempts

to decipher or identify anomalous conditions or distribu-

tions in the vegetation with the available remote sensing

data. Variation in vegetation also hampers the ability to

isolate any anomalous spectral soil or rock condition

resulting from alteration associated with any potential

hydrocarbon microseepage in the test site area.

4. Other spectral features-Utility of NS-001 scanner.

Although no unexpected spectral or tonal features were
found in image analysis, several observations regarding the

utility of the NS-001 Thematic Mapper Simulator data for

structural and lithologic mapping were made.

The NS-001 scanner data, with a 15-m resolution and

seven VNIR spectral channels, provided a significant

increase in the spatial and spectral detail as compared with
Landsat MSS data. The additional 1.6- and 2.2-_tm bands
allowed for the discrimination and identification of a wide

range of earth materials.

A significant problem in interpreting the NS-001 images

used in this study resulted from extreme spectral changes

encountered in photographic image mosaics from one strip

(flight line) to the next. Broad east-west color banding

(Figure 13-42) along strip boundaries is due primarily to

solar gradient effects (brightness differences) introduced by

scanning parallel to the solar azimuth (east-west flight lines

with southern solar illumination). Although the color

infrared image for the same scanner data (Figure 13-47) is

relatively unaffected, ratioing, which enhances subtle spec-

tral differences, dramatically enhances gradient effects. These
artifacts are difficult and time consuming to remove. Inter-

pretation of spectral classes on NS-001 ratio image mosaics

was hampered by these gradient-induced color changes.
Image colors for spectral classes recognized on the south-

ern flight line are very different from colors seen in the two

northern lines. For example, the iron-oxide area along

Barrilla Draw in the middle section of the mosaic (Figure
13-42) is dark brown, while the same unit in the southern

section is various shades of orange and red+ The spectral

class interpretation (Plate 13-1) attempted to correct for these

flight-line differences. Much uncertainty exists as to whether

subtle but real spectral changes were lost in the process.

Although gradient problems cannot be entirely elimi-

nated, their effects can be minimized by:

(1) Acquiring higher altitude, smaller scale images, pro-

duced from data involving fewer flight lines.

(2) Acquiring data along north-south flight lines at times
of southern solar azimuth (solar noon).

(3) Developing efficient approaches for making digital
rather than photographic mosaics of aircraft-acquired,

low-altitude multispectral data.
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Figure 13-48. Full-scene Landsat MSS PGSTR color infrared composite image, February 25, 1976: bands 4 (blue), 5 (green), 7 (red)
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Xll. Conclusions

No evidence of surface alteration attributable to the

seepage of hydrocarbons was recognized in the Coyanosa
test site.

The presence of oil and gas in a water well in the test site

area reported by Warner (1939, p. 314) suggests that

hydrocarbon seepage may occur. Vegetation, geochemical,
and field/laboratory spectral surveys of the test site revealed
no indications of surface material alterations attributable

to seeping hydrocarbons. Additionally, no spectral anom-

alies attributable to seeping hydrocarbons were recognized

in the analysis of both Landsat MSS and NS-001 Landsat 4

Thematic Mapper Simulator images.

Structural/spectral interpretations of Landsat MSS and

NS-001 images provide geologic information that would

have been useful in identifying the Coyanosa test site as a

target of exploration interest if these data had been avail-

able prior to oil/gas discovery in the area. Landsat MSS

images are most useful at a scale of 1:200,000-500,000 and

may be interpreted to delineate major deep-seated struc-

tures of the West Texas region. NS-001 Landsat 4 The-

matic Mapper Simulator images are most useful at a scale

of 1:48,000 and may be interpreted to delineate subtler

features associated with the deep-seated structures recog-

nized in Landsat MSS images. Additionally, local struc-

tures not recognized in Landsat MSS images are revealed
in NS-001 data.

Spectral class maps produced from NS-001 images pro-
vide information about the distribution of surface mate-

rials that compare favorably in quality and detail to available

soil, vegetation, and geologic maps of the test site area. With

the aid of ancillary data, the contribution of vegetation and

OH -, CO 32_ Fe,2_ and Fe+3-bearing soils and rock out-

crops may be determined for the mapped spectral classes.

One of the criteria for selecting Coyanosa as a test site

was the area's "sparse vegetation cover." It was assumed

that vegetation "problems" in geologic image interpreta-

tion would be minimal. The test site investigation proved

this was not the case. The semiarid climate and sporadic
nature of rainfall in the Coyanosa region result in extreme

variability in the vegetation cover. "Spring" is an ephem-

eral event both spatially and temporally. Recognizing the

significant influence of vegetation on multispectral scanner

response was only possible by an evaluation of multi-

temporal image data aided by field vegetation study and
review of precipitation records.

One of the primary goals of multispectral remote sens-

ing is to use knowledge regarding the spectral characteris-

tics of materials for the purpose of identifying surface

materials with scanner data. Analysis of laboratory, field,

and image spectral data for the Coyanosa test site demon-

strates that in mixed soil/rock/vegetation terrain this goal

is not easily accomplished with available multispectral

scanner data. Mixing several spectral components in the

scanner-acquired radiance data for a single pixel typically

precludes unique identifications of surface materials using
scanner data alone.
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Appendix A

Remote Sensing Data Acquired for Exxon
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Appendix B

Geochemical Survey Laboratory Procedures/Analytical Results
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SOIL SAMPLE: APPROXIMATELY 1 kg MECHANICALLY SPLIT INTO 5 SUBSAMPLES

1/8 1/8 1/8 1/8

GRIND TO
100 MESH

GRIND TO
100 MESH

XRD FOR _13C AND _180
MINERALS
(PHILLIPS IN CO3 "2
AND JPL) (PHILLIPS)

FINES

60 MESH
SIEVE

ARCHIVE
PEBBLES
(PHILLIPS)

GRIND TO
100 MESH

1/2

[
ARCHIVE
(PH IL L IPS)

_ LASERTRACE ®

(BARRINGER)

ELEMENTAL
ANALYSIS
(PHILLIPS)

Figure B-1. Sample handling procedure for 1979 Coyanosa test site samples

SOl L SAMPLE:

(
_13C AND _180

IN CO3 -2

(PHILLIPS)

APPROXIMATELY 1 kg MECHANICALLY SPLIT INTO 2 SUBSAMPLES

1/2

60 MESH SIEVE

1/2

ARCHIVE

(PHILLIPS)

ELEMENTAL
ANALYSIS +

(PHILLIPS)

LASERTRACE ®

(BARRINGER)

ARCHIVE
PEBBLES

(PHILLIPS)

Figure B-2. Sample handling procedure for 1980 Coyanosa test site samples
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Table B-1. Elements delermlned and analytical procedures used for

measurements by Phillips

Element Analysis Unit

Be ICP-AES ppm

Na ICP-AES ppm

Mg ICP-AES ppm

K ICP-AES ppm

Cu ICP-AES ppm

Sr ICP-AES ppm

Ti ICP-AES ppm

V ICP-AES ppm

Cr ICP-AES ppm

Mu ICP-AES ppm

Fe [CP-AES ppm

Co ICP-AES ppm

Ni ICP AES ppm

Cu ICP-AES ppm

Zn ICP-AES ppm

Mo ICP-AES ppm

Ag ICP-AES ppm

Cd ICP-AES ppm

P ICP-AES ppm

AI NAA wt %

Si NAA wt %

O NAA wt %

As HGAA ppm

S LECO ® wt %

Corg C-GC wt %

Cto t C-GC wt %

613C o/oo

8180 o/oo

PDB

PDB

ICP-AES

NAA

HGAA

C-GC

ppm

wt %

o/oo
LECO _

Inductively coupled plasma atomic emission spectroscopy

Neutron activation analysis

Hydride generation atomic absorption spectroscopy

Phillips combustion gas chromatography

Parts per million

Weight percent

Parts per thousand relative to PDB
Induction furnace combustion
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OBSCODE
1 CAO01

CAO02CAO03
4 CAO04
5 CAO05

CAO06
7 CA007
8 CAO08
9 CAO09

10 CA010
11 CA011
12 CA012
13 CAO13
1_ £J_Olm
15 CA015
16 CA016

Table B-2. Phllllpi glocl_mlcal data"

NA RG K CA SR TI V CR HN

9790 7100 17400 48100 282.0 3300 48.0 25.6 267
,61015200648016100015'0,_ 1110 _:_ 13.717214.2 175
5480 10500 10300 108600 1020 1600
9140 8100 18200 55800 301 _0 2820 39.6 32.2 281
9520 5120 16800 62000 197.0 2580 31.3 19.0 185

19. 2_511K00 _130 19600 38100 147.0 3400 36 4 t 2 6
11000 4700 20000 43600 153.0 3060 35;6 8.
10800 4210 19200 38000 148.0 3570 43.3 22.3 232
10300 5120 19300 62300 194.0 2590 38.2 20.3 208

9_70 UOIO 16700 51200 157.0 3_80 40.5 20.3 220
7450 2660 18900 43300 121.0 2890 468 13.5 198

10300 4520 19900 40400 134.0 3090 37_6 21.3 223
10_00 3570 19000 20900 101.0 3030 36.1 21.3 196

945_ _030 18200 25800 lO&.O 3070 36.2 21.4 20435 3640 42.5 13.5 232
8560 4870 _7300 22500 t51:B 2800 50.7 34.6 347
5190 8910 20600 53900 36.7 373

17 CAO16A 5350 9940 21400 57900 175.0 2980 50.6
18 CAO17_OI 2250 2840 9240 149000 136.0 1600 40.2 13.7 117
19 CA017-02 4070 2160 9230 110800 111.0 1680 30.5 9.9 116
20 CAO18 674 1810 20200 20900109.0 105.0 1540 164.069.8 93.721.7 2
21 CA019
22 CA_?.O
23 CA021
24 CA022
25 C_23
26 CA024
27 CA025
28 CA026
29 CA027
30 CA028
31 CA029
32 CA030
33 CA031
3 u, CA032
35 CA033
36 CA034
37 CA035
38 CA036
39 CA037
4O CA038
_I CArl39
42 CA040
43 CA041
44 CA042
45 CA043
46 CA044
47 301
_8 302
_9 303
50 304
51 305
52 306
53 307
54 308
55 309
56 310
57 310B
58 311
59 312
60 31.3
61 314
62 315
63 316
64 317
65 401
66 402
67 403

69 405
70 406

72
73 409
74 410
75 _11
76 412
77 413
78 414
"L9 _ 1-5
80 416
81 417
62 418
83 _19
84 420
85 421
86 422
87 _23
08 42_
89 425
90 425A
91 426
92 427
93 428
94 _29

650 1690 14000 164700 834 1990
9290 3580 17300 26000 102.0 3250 38,1 20.7 214 19100 5.4
9060 5130 17700 36800 121.0 3660 46.4 23.4 255 21200 7.0
7290 6030 18300 50200 165 2540 42.5 24.9 251 19300 7.8
821_ 7960 21400 43800 227_ 3140 48.2 26.1 397 23600 6.0
9_80 6340 21200 36300 1_6.b 2880 40.9 23.3 3_2 20300 61
8780 6780 21600 32900 130.0 2600 37.7 33.4 299 20800 5:7
8870 6210 19100 53900 373.0 2460 38.4 23.7 228 16900 5.7
9_50 7180 23200 44800 lUS.0 3190 45.9 31.5 341 22100 5.4

1!_00 4180 20500 21300 114.0 3790 43.8 25.6 245 22800 _;_
8210 5110 17500 32700 104.0 3190 38.837.6 27.9 256336 2100025500 5.6

FE CO NI CU

19300 6.1 4.0 28.3
8710 6.0 4,0 28.2

10300 6.1 4,1 28,5
19700 5.8 4.9 27,2
15300 5.3 3.9 24.5
18400 5,7 3.6 26.7
18600 6.2 4.2 29.1
20200 5,9 3.9 27,5
16100 6*3 7.2 29.5
19700 5,7 3.R 26,6
21500 6.3 4.2 29,5
19200 5.6 3,7 26,1
18600 5,1 3,4 23,6
16400 5.1 3.4 23.7
19800 10.0 _7.7 46.5
25100 5.9 10.5 28.3
27200 5,7 3.8 26,4
12200 5.A 8.4 26.2
10200 9._ 21.1 27.6
q6100 5.9 3.9 27.5
24600 10.2 38.0 26,2

3.6 25.0
_.0 28.L
4.6 25.4
3,9 27,2

28.326,7
3.8 26.6
3,6 25,1
3,8 26.3
3,5 24,5
5,1 26,0

24500 5.0 3.9 27,0
20600 6 4 7,0 26.4
18400 96 12.6 24:_
22800 11:7 17.2 27
18200 11.8 15.7 26.1
23600 12.5 14 4 25.7
23000 6,7 3:6 25.5
19600 5.5 3,6 25.5
25000 5.7 3.8 26.6

39200 5.9 ).9 27.5
28400 5.7 .5 24.6

24100 9.5 ):_ 26.225300 5.8 27,1

8290 7200 20000 18300 97.2 3280 45.8
_Zl/1 51DD 19200 25100 106.0 3900 48.3 35.4 294
8500 3410 15400 55900 ln9.0 3530 42.7 31.5 212

9310 2850 16400 _ 125.079.3 30803020 45.036.7 27.632.1 _9610 6280 20200
9490 9210 17500 54300 519.0 2730 39.43_.2 438
9410 9770 21100 46600 2qO,O 3010 48.9 39.9 621

9980 4050 22100 7040 91 33.9 24:4 19814300 2840 25900 6760 91:_ )_B 45.0 27 8 257
/2600 396Q 24200 9260 iii.0 4110 46.6 26,0 267
15500 6430 28400 14300 _8.3 5350 65.5 61.7 340
13000 7350 25900 28600 139,0 4030 49.1 31 3 5 6
10600 7510 2300 38700 175.0 3360 46.5 33:1 6tO
10600 5380 22800 12300 117.0 3700 49.0 31.2 297
11300 3270 21400 10100 101.0 3720 44.4 23.7 236 22800 5.5 3.7 25.6
4650 3700 12200 59600 169.0 1940 36.1 16.6 149, 14400 6.50 _,_ 30.5
55U0 3290 14200 55200 155,0 1930 29.7 16.6 134._ 13700 7.00 32.5
5330 3430 13900 24500 109.0 2580 45.k 20.7 195.0 21500 6.504.1 4:3 30.4
6360 3070 14200 15700 90.6 2540 39.9 21.0 164, 2110019000 6.50 )7_._
6610 4260 14800 29700 114,0 2740 44,4 22.5 201._ 6.00 4,0
Z23.0 ..xd_O 1_200 7310 84.0 2_60 33.7 18.8 185. 16900 6.60 4.4 30./
5340 3830 12300 20600 85,2 1590 23,9 15,4 110,_ 11500 6,70 4,5 31,3
5760 4090 15700 39400 131.0 2440 41.6 23.3 168.0 19100 _.60.60 4.44"4 3030:79

.0 1790 36.3 30.I 223.0 14600

5560 11100 14200 92300 IAO0 1520 24.0 17.7 160.0 11300;7_0 8250 11100 77400 1380 _.40 4.3 29.8
7320 7380 15700 28500 37_ 1930 34.5 24.9 215.0 149006860 .20 4.14.1 29.0
4220 2040 10800 6940 102.0 827 11.) 63.6 6.10
6540 R020 17900 26500 _26.0 2010 31. . 206.0 16300 6.60 q.4 30.7

_20 10300 18100 26100 264.0 2030 31 22.6 185.0 15700 6.70 4.5 31.37990 4220 17100 14700 169.0 1770 27_ 22.9 277.0 16300 6.80 4.5 31.6
5450 2120 12600 2330 60.5 1250 18.2 14.6 117.0 11900 6.50 4.3 30_.3 30.3
_1_0 4190 9040 61400 142.0 2080 42._ 18.2 162.0 19200 6.50 _ 30.0
6450 3380 13300 38900 149.0 1340 19.4 lq.1 202.0 11100 6 40 30.2

11600 6300 18900 66900 639.0 2430 35.4 15.8 230.0 19900 7:20 4:1
12300 7520 24800 37300 180.0 2890 43.3 30.1 437.0 27300 12.30 4.0 2&.3
10000  020 23100 53700 181.o 2830 54,7 28.8 370.0 29500 15.oo 3.7 25.6
102_ 9_ 22900 42800 173. 8 2890 49.2 32.1 _:_ )_B 18.70 ::2 28.3
12900 7908 24000 34300 162. 3150 47.4 31.5 16.40 50.6

8780 11000 25100 50800 186.0 3140 55.5 36.2 540 36500 15.60 4.5 31.6
_2500 7760 26_00 27400 144.0 3030 46.8 30.2 388 31300 12.10 _:_ 31.331"9

9380 10900 25000 56400 208.0 3460 55.2 32.4 554 34000 13.90 30.3
13400 4700 25000 20400 99.2 3010 33.3 23.3 238 24000 6.50 4.3
11_00 60_0 24400 22300 113.0 3590 42.1 29.8 282 26200 6.80 4.3 30.4
11;00 8220 27800 55600 2P3 3430 44 2_.5 337 26200 7.10 4.7 33.1
14500 2980 24800 33800 112"_ 2610 26;_ 13.7 198 18600 6.10 4.1 28.7
10400 4280 19500 70700 196.0 3310 34.3 20.0 219 21200 6.40 4.2 29.7

8940 5900 19400 68800 278.0 2570 40.7 24.1 240 19500 6.50 4.3 30.2
_50 5_30 18500 41700 169.0 3190 35:_ 20.6 241 22000 A.40 4.2 29.7

11400 4900 20400 33400 150.0 3230 34 20.1 254 20700 15.50 3.9 27.6
10300 5290 19500 50900 155.0 2690 32.2 19.6 246 19300 13.80 4.3 30.2
10500 4530 19900 45500 148.0 2770 31.0 22.0 211 18000 13.00 4.13.9 28.527.3

9_10 6320 20800 28700 1_6.0 2360 33.1 2_.4 375 19500 1A.50
9940 5540 18900 52400 162.0 2510 34.0 21.6 247 18000 16.40 4.4 30.5

12200 4310 21100 42400 147.0 2860 33.0 20.4 210 18400 5.90 4.0 27.8
10700 3880 19000 36700 123.0 2840 31.6 19.6 196 18000 5.80 3.9 27.2

7ZOO 10_00 21400 66500 2_1.0 2580 45.4 31.1 434 24800 A.50 3.9 27.3
8480 20500 14500 69600 1170._ 1710 30.8 18.0 232 12900 5.60 3.8 2632280 45.3 30 4 334 20100 5.50 3.7 25:9
9040 12900 19100 56300 266, 43:7 441 30600 9,20 3.7 26.0

11700 22900 21200 55200 326.0 2790 70,4
7510 17700 21700 58400 299.0 2670 58.5 41.6 470 28200 7.30 3.6 25.0

12600 5_30 22600 53400 196.0 27000 32.2 16.2 252 18400 5.40 3.6 25.2
11600 5250 21700 53600 164.0 2940 34.0 17.6 241 20100 5.10 3.4 23.9
11600 5400 22900 57600 192.0 2290 28.1 14.4 235 17000 5.90 3.9 27.4

=Soil from Coyanosa test site samples collected in 1979 and 1980; the 1979 samples begin with "CA."
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OBS CODE

9596
97 52
98

99 54
100 55
101 56
102 57
103 58

5960
106 61
107 62

t80 6364
ii0 65
iii 66

112 67
113 68
114 6_
115 70

116117
118 73
119 74
120 75
121 76
122 77
123 78
124 79
125 BO
126 81

127 82
lP8 83
129 84
130 85F

131 86£
132 87n
133 88C
134 89G

135 90H
136 916

137 92H
138 931

NA MG K

12400 4940 22600
13200 4640 23900
11900 5810 23400
L22_ 6310 29500
14400 3700 25000
14100 2950 23900
14100 2900 24400
15700 3270 23900
10700 6660 25700
11600 5890 2 0110006320

5o70 24 oo
12200 4850 24000

t 6oo36604600 3050
12600 6520 26300
12900 2590 22700
lP900 2670 22900
9670 8530 24500

14_7_0 8210 2_100
10200 8820 25700

11500 8250 23100
12000 6080 23400
12900 3960 22400
10800 4480 18400

11400 3180 19700
10500 4670 17200

11100 3560 19100
11000 50flO 20000

9440 5920 20700
117-00 4100 20500
11800 3860 20100
ii000 5480 20700
10400 6600 22900

7550 7240 12800
10000 6610 21800
9210 4280 19400

10400 3860 20300
10400 5580 22600
10700 5820 23200
11100 5310 22000
10300 5130 20200

10200 4270 19000
I0600 3840 19400

CA SR

35100 l_R.O
20600 1_3.0
29500 147.0
27900 149.0

11900 109,0
14400 In3.0

8050 94.9
16100 I07.0

19200 1_4.0
25200 1_29390 97:_
20300 118.0
17200 111 0

126

46000 163 0
11900 80 I

7050 A2
28500 160

66200 205 0

38800 166 0

2600 190
6900 155

42900 179
4B600 153
31100 129
87200 359

90600 166
43100 165
38700 151
26000 147
21300 141
36500 180
37900 176
94400 i070
27000 153
24000 125
23300 120

16500 140
27800 138
19100 151
30900 146
40300 134
25100 114

Table B-2(Contlnued)

TI V CR MN

3980 45._ 36._ 249
3520 43 36. 269
373o 47:8 40.1 288
3280 43 0 41.0 318
3530
3450
3610
3890
3110
3180
5410
3210
3550

5490

2510
3700
3130
3550

3680

3310
3690
2190
3570
1990
1730
3110
3460
2340
9170
2400
2740

2640
2000
3000
2900
3250
2950
2890
2880
3_30
3640
2890

38 5 34.1 246

37 8 30 4 234
41 . 33:5 227
95 3 90.2 238
48 7 43.5 303

44: 
43 2 39.2 290
44 I 39.2 286

_ k _)'_ 22_02

95 3 41:7 300
306 15.1 197

35 5 15 2 222
49 I 32:5 432
54 0 25.1 347
58. 31.4 712

49 4 25.0 513
45.0 26.4 308
29 16.2 176
38 20.8 239
25 13.2 149
28 15.9 158
37 17.3 216
42 24.q 232

359 21. 28245 23.I 251

302 16.9 194
575 46.2 259

44,_ 28.7 29456 16.1 155
429 22.7 305

31.2 16.5 206
34.9 16.9 209
37.6 23.8 289
35.7 19,9 277
35.8 22.3 235
40.0 25.7 250
44.0 23.5 252
33.4 18.7 207

FE CO

24800 6 33
24000 7:00

25700 7,80
24700 6.20
233OO 6.3O
22200 b 70
24500 6"60
25900 6:90

27500 7.60
6 0

2440 7:1029500
25300 b 80
25300 6:00

24200 _:_822900
2670O 8,10
19600 6.50
23100 6 60
27400 9"10
28500 8:90

35300 12.40

29000 12.1
25000 7.2
15100 6.7
21400 6.7
14200 6.4
13500 6.5
19500 6.4

22200 6.6
21000 7.5
29400 7.2
17900 7.6
20700 7.3
22900 6.8
14100 6.4
22700 7.1
18600 6.7
20300 6.7
22300 6.6
21600 5.9
18700 6.0

22400 6.1
23400 6.1
20400 6.3

N! CU

4.2 29.2
4.7 32.7
9.3 30.3
4.1 28.8
4.2 29.3
4.4 31.I
4.4 30.7
4,6 32.4
4.2 29.2

45 31:)4.0 28
4.5 31.5
4.0 27.9

4.5 31,3
4.3 30.4
4.4 30.A
4.4 30.6
4.1 28,4
4.6 32.1

4.7 33.i
4.4 31.1
4.5 31.3
4.5 31.3
4.2 29.7
4.3 30.4

4.2 29.7
4.1 26.4
4.0 28.2
4.2 29.1
4.5 31.5
4.5 31.6

4._ 31.8
4.3 29.8
4.8 33.3
4.5 51.2
4._ 31.2
4.4 31.0
4.0 27.7
4.0 27.9
4.A 26.2
4.1 28.6
4.2 29.2

13-69



Table B-2(Contlnued)

OBS ZN MO AG CD P AL $1 0 AS S CORG cTOT C13 018

--Sm

1 A1.9 _.Z 28.9 6.3 249.0 3.90 3_.40 50.7 7.55 0.23 0.736 1.822 _ 2_76 -..673459 8.1 20.1 2.0 149.0 .53 .86 51.7 5.30 193q 0.466438 81 204 28 128.0 _80 1_90396 98 0.688 i "°567t 489100 32103128
72_ 7.B 19.4 3._ 2_7.0 5.03 28o3Q _8:3 5.52 0.17 0.485 2.235 -8.858 -4.451

5 AA.q 7.0 17.5 3.1 170.0 3.9q 2q.70 49.4 3.58 0.05 0.510 2.696 .5.7,6 .3.683

_9:_ _:_ _:_ _:_ t_:8 _:_ ]_:_848.493 _:_ 8:8_ 8:_ _:_ :_ :_:_
8 62.9 7.9 19.7 2.9 166.0 4.04 31.80 49.3 3.98 0.05 0.431 1.498 -7.978 -5.247
9 _g.4 8.4 21.0 3.2 257.0 4.10 29.60 49.8 4.12 0.0_ 0.584 2.644 -6.114 -4.621

q.ll 0,05 .3 3I£ _:_ _:_ 19.062 82_021.1 4:2 t_:8 _:_£ 33.40_°'7°46.847.82.20.051:6241832 -6._91"7"_22-5.449"5"189
12 51-,& 7.9 18,7 3,_ 22_,0 _o38 31,70 48,2 5,88 0,05 0:531 1,551 -6,468 .4,891
13 58.2 11.3 16.9 3.4 166.0 4.30 33.90 47.4 2.88 0.05 0.514 1.004 -6.8_3 -4.704

14 75._ 10._ z6.9 3.3 230._ 4. 3 3. 0 8._36 1.428 -4.7655.R2 _4._0 52:6 _:_ 0.0_ -6.535is 109.0 13.4 33.2 5.0 263. 0.05 .590 1.329 -5.582 -5.267
16 86,4 22,5 19,8 4,8 646,0 6,30 26,30 51,3 5,86 0,05 0,894 2,479 , •

17 81.8 7.6 18.9 3.5 640.0 6.31 2_.10 49.9 _.31 O.OS 1.110 2.890
1R 34.7 7.S 1_.7 26 2A._ 2.74 17.40 47.3 .10 0.0_ 0.349 6.379 -7:0A9 -5:083
19 33.6 23.1 24.9 3"9 107 2.82 19.30 48.5 1_ "65.90 0.050.05 0.5090.560 5.8480.973 :20 26.9 7._ 19.7 5:2 133:0 3.98 34.10 48.7

21 65,0 17,5 18,7 1,9 427,0 3,27 17,60 48,8 1_,80 0,0_2P 48.1 7.1 17.8 3.5 229 4.15 34.50 48.7 .19 0.0_ 0:381 1:165 ._'018 -5:143
23 54.8 8,0 20,1 4,4 357 :_ 4,34 33,10 50,4 3,08 0,05 0,394 1,385 -_:702 °4.788
24 57.5 7.3 18.1 4.2 353.0 4.64 30.3 q9.1 5.13 0.05 0.601 2.226 -5.093 -4.388

_9, _ 30.6 _8,725 _ 7.R ]q.5 q.3 504.0 .01"87 30.1 51.Q _.47.54 0.050"05 0.5140"&40 11"771497 -2.087-5'_4q -4.207"5"76726 52, 8.1 20,2 3,1 338,0
27 71.2 7.6 19.1 3.7 4_0.0 5.43 30.6 48.5 5.49 0.05 0.526 1.405 -4.207 -3.719

29 _7.9 " _.n 6_6.0 .23 29._ 48.6 4._o _i o 83330 590 I:_ ,7 _ 348 486 3_2 0:382 _005 -3221 370,18 1.9 241,0 .q5 ,885 -7,000 -4.783
_1 55.Q _.E 17.5 3.6 _92.0 4,80 32.4 _9.0 3.44 0.602 1.494 -6.876 -4.753
32 69.3 7.4 18.6 2.7 385.0 5.46 32._ 51.5 3.97 0.05 0.527 0.922 -4.030 -2.860,., ,.1 .68 31. 49. 3.55 0.365 2.126 -4.600 -q.970
34 64.3 7.5 1R.9 3.1 218.0 _ 48.7 3.04 _: _ 0.269 0.760 -5.536 -5.15835 _6.4 16.7 17.7 q.3 252.0 4.05 35.
3_ 110.0 23.7 21.3 5.8 573.0 5.69 29.2 48.8 3.91 . 0.695 1.987 -3.745 -4.233

46 0.724 2,188 04_ -4.02_49. 2.87 0. -4.3_ 77:_ _61 1,6 3, 572.0 4.62 28:_ _ _37 0.645 1.855 3257 _614
9 60_ 7._ 18.¢ _.9 201.0 _.70 55.2 48.8 2.87 _ _7 0.601 -8.66240 58. 7.3 18.2 2.5 216.0 4.68 36.3 47.7 1.71 0. 0.466 0.601 -7.068 -7.391

41 AO.3 7._ 19.0 1.9 259.0 4.55 35.4 49.6 3.76 0.05 0.350 0.530 -6.782 -6.062

4_ 4. 8 _.524 0.840 :_.447 -8_ ,070 _:_ _ 7 .2 1_ 5 i 48:_ 5_0 8:_ 0635 1.326 659 6_.80 J6 26 _55.8 6_429.5_2"_ :_
44 113.0 7.5 18.7 3.7 648.0 5.68 30.3 49.7 2.79 0.05 .642 1.645 -5.826 -4.739
45 64.4 7.7 19.4 2.2 435.0 4.54 34.2 49.3 3.93 0.05 0.512 0.720 -5.257 -4.866
46 53.0 7.3 1_.3 _.R 22q.0 3.98 36._ 49.5 3.48 0.05 0.449 0.668 -7.37A -5.754
47 32.4 8.7 21.8 2.2 84.8 2.46 33.7 50.2 7.48
48 28.7 9.3 23.2 2.3 121.0 2.74 33.3 _9.7 2.32
49 35.0 8.7 21.7 2.2 132.0 2.81 37.2 48.3 i 44

"1.. 129.0 _:_ I,!!
37-._ a.& 19. _ 2 2 2.&' 37.8408 80 2:0 1_3.03.29351

52 335 _:_ 220 22 132.o 286 384 49253 26.0 22.4 2.2 137.0 2.69 36.5 50.2 83

54 37.7 ._ ,2.1 ._ 3.,. _ 0855 59 _ _ 178.0 34.7 ,9.8 19521.9 205.0 3.23 23.4 49.5
56 31:_ 8:5 21.3 2:1 151.0 3.00 26.2 50.1 2 34
57 44.7 8.3 20.7 3.5 294.0 3.18 35.7 49.6 234

5a 1E_.O 8,1 20.3 2.0 56.9 1,R5 40._ 49.5 _ 64
59 45.1 8.0 22.0 2.2 271.0 3.90 3534:5 50._50" ,54
60 57.8 9.1 22.7 2.3 369.0 3.66 _ 5961 484 89 223 22 217.0 348 361 498 05
62 278 8._ _1._ 21 129.0 2.5_ 40.8 51:_ 3 0563 301 _7 ,1 22 107.0 1_1 3_8 ,8 631
6564 49:128 8.6 21i_ 2.1 197.0 _:46 37.1 48.7 6:518.6 21 2.2 234.0 62 23.3 38.0 7.80
66 8_.7 8._ 20.2 2.0 5_3.0 5.13 30.& _9.2 3.05

1867 75.5 7.3 20:_ I_ 462 8:41 277 483 4 76648. .15 21.0 38.4 6:1368 92.3 10.4
69 83,6 8.7 21.8 2:2 561.0 5.5q 30.8 49.3 7.72

108.0 9.0 ?2.6 2.3 786.0 _.12 2A.9 49.4 7.13_ 86.9 9.1 22.8 2.3 466.0 .51 32.0 48.6 8.48
72 88.1 9.0 22.4 2.2 512.0 5.60 28.3 48.5 7.17
73 60.3 8.7 21.7 2.2 117.0 4.54 34.8 49.8 6.21

$8,7 ,75
21.7 2.22.4 278124.0 _.13 _.3 _9.0 6.59• 23.6 . 29.5 48,7 8,93_:_ _ 3.88 49.0 7.8548976.8 20.520 3o 338

77 5L1 U 21.2 2.1 93.0 3.58 30.1 48.9 4.43
78 53._ _.6 ,1.A 2.2 ?28.0 3.98 ,9.8 49.3 5.9A

44_ _:_ _:_ _:_8079_:_ 1_:_ _:_ _:_ _:8 38
81 56.2 11.0 21.6 2.2 243.0 4.42 31.2 48.7 2.44
82 _2.9 1_.0 20.4 2.0 203.0 4.77 31.4 47.3 4.55

_ _:_ _:_ _:_ _:_ _:8 _:_ _:_ _:_ _:_
_5 _.1 7.3 1_.B 2.0 211.0 4.01 32.5 48.9 3.68
86 38.4 R.7 19.4 1 9 134.0 3.78 33.5 48.1 7.33

8, _.72 2A . .987 _1_ 1_ ,9_ _ 3_58 25:_ 5_8 _20:823.1488 1.3 18.
89 65.2 8:1 18.5 2 0 332.0 5.01 3_.2 55.1 3.19
90 78.9 12.1 18.6 3 1 432.0 5.45 2&.O 47.5 5.73

9192 65._83" 13:4351817:_ _ I R53.0183.04.215.41 ,S.631.2 48.948.7 _.52.50

93 27.8 11.7 17.1 1.8 166,0 4.15 31.0 48.2 3.46
94 58.3 11.3 19.5 2.1 212.0 4.3R 31.2 49.1 3.79

95 57._ 13.4 20.9 2.4 840.0 4.37 _2.9 50 _ 3.3196 5L.3 _5.6 23.J_ 2.8 833.0 4.48 33.6 48: 2.66

0.851 l1.247

0,777
0.651

0.3280.779

0.9310.212

0.3920.269

0,3110,035
0.583 1
0.061 2

_:684 3686 1

0.354 2.207 -6.09 -5.87
0.687 2.212 -6.97 -5.92i
0.379 1.022 -7.22 -5.67

0.7
0.401 1.141 -A.060.482 636 :_:_
o.341 o.79 657 616
0.279 1.319 -5.77 -5.69

IA9 -A.42 -4.98
199 -5.63 -4.34
)04 -8.59 -q.09
!41 -8.14 -4.93
_R3
_10 -R:16 -4:46
_13 -4.55 -4.55
_94 -6.18 -6.32

375
3_4 -_:98 -4:80
413 -4.13 -5.37
647 -6.56 -_.33
601 -3.60 -3.61
292 -1.41 -_.41
016 -3.24 -4.80
569 -3.79 -4,67

1.074 2.406 .2.36 -4._4
0.5971.314 °3.04 -5.03
0,448 1.983 -1.66 -5.22
0.403 0.811 -6.78 -5.05
.607 1.074 _ -5.07

!89o 2.260 :_;_ 4..9261 1.125 - .78 -447
0.633 2.022 713 -445
0.3fl4 2.5A0 .5.72 -3.17

8:1_ _:_ :_'_ :_:_
0.450 2.081 -6.42 -4.36
0.424 1.837 -7.64 -4.46

8:_ _:_*_ :_:_ :_:_g
0.368 1,591 -7.75 "5.06
0.345 1.486 .8.04 -4.75
_.012 3.6?4 -3 9. -3.7.692 1.477 -4:79 -5.7_
0.726 2.502 -3.67 -_.77
0.559 2.218 -3.83 -6.84

11.0 _:075 341 -_140.396 -- 111 -5:72 -5.13

0.386 1.962 -6.89 -3.82
0.702 2.184 -5.17 -4.88
0,513 1.352 -5.AO -3.31

. . -7,93 -4.87
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OBS ZN MO

97 71.0 18.1
98 61
99 57"_ 17.7

100 57" 16.156_. 14 o101 14:3
102 56.5 12.1
103 71 8 P2.0
104 6_'& 1_ &
105 69:0 23;0
106 63.3 15.6
107 87.3 19.5
108 58 1 15. 7
109 54:1 13 D
110 63.6 20.1

IIi 46.3 12.9
112 5_ 3 a3
113 87:9 8.7
114 74.5 8.1
115 103.0 9.2

116 78.8 9.5
117 65.3 8.9
118 42.6 8.9
119 54.7 8.9
120 32.5 8.5
121 35.9 8,7
122 44.1 8.5

123 56.6 6.1
124 50.7 8.1
125 55.7 8.3
126 48.3 9.0
127 99.2 9.0
128 67.3 9.1
129 26.5 8.5
130 52.1 9.5
131 50.5 a._
132 48.4 8.9

135 62 _ 8.9
134 54: _ 7.9

135 54.6 8.0
136 53.0 R,1

137 58:_ 8.2138 46 8.3

Table B-2 (Continued)

AG CD P AL SI O AS

21,7 2.9 940,0 4.73 32,1 47.6 4,94
20.6 2.8 i000,0 4.87 31,7 49.3 2.95
_1.0 _.5 8_.0 4._, 3_.3 48.9 2.95
22.2 _ :8220 :_ 798 390 36.7 490 1.83

785 4.08 36.4 50.0 2.64

23.1 2.4 792.0 4.08 34.5 48.1 3.21
20.9 3.1 1020.0 5.31 _1.9 48.0 72
22._ 2.4 1080 • 48.78 iio 5:22 34 49.5 01
22.5 2.7 925.0 4.40 33.8 47.7 4.80
19.9 ;.1 806.0 4.41 33.9 48.5 3.11
20.9 2.1 781.227 23 853.8 _0_ 358 507 220

.90 34.3 _8.2 1.88
22.4 2,2 1020,0 5.05 29.6 49,3 7,36
21.7 2.2 179.0 _.2 49.3

21_.92.2 540 3:9. 36.5 49:_ 3.743"71
21.8 2.2 674:0 5.37 30.1 49 5.19
20.3 2.0 376.0 5.09 25.6 47.4 4.27
22.9 2.3 702.0 6.18 P6.7 49.8 4.50

23,7 2.4 443,0 5.20 27.7 47,7 1.26 .
22.2 2.2 307.0 4.62 32.4 47.9 3,13 .
22.3 2.2 144.0 3.77 33.0 46.9
22. 2.2 165.0 3.55 32.7 49.1 _.18.15
PI._ 2.1 121.0 3.66 35.5 49.6 1.64 .

21.7 22 11,.o 347 27.4 47.9 2.25 .
21.2 2.1 127.0 3.40 33.3 47.1 5.28
20.3 2.0 215 3.4_ 33._ 4_52o.1 2.0 370:8 _38 31.9 49.0 _:8878
20.8 2.1 162.0 3.88 36.3 51.2 1.10 .
22.5 2.3 166.0 3.96 35.2 49.0 2.66
22.6 2.3 264.0 4.41 33.0 50.3 3,47
22.7 2.3 503.0 4.84 31.2 49.2 2.03
21.3 2.1 47.1 2.53 28.1 49.0 2.43 .
23.8 2,4 198.0 4.31 34.3 50.4 4.19 .
32.3 2.2 33.5 3.88 34.9 50.8 2.79223 22 334 38, 349 48.2 3.50
22:_ :_19 _ 148.0 401 3.7 _8:_ 307270.0 4.65 33.6 51 4.46 .
19.9 2.0 223.0 4.5_ 34.6 50.0 4.03
P0.2 2.0 181.0 4.03 33.8 48.6 2.57
20.4 2
20.9 2'_ 110,0 3.78 33.4 48.7 _.01 .

• 157.0 3.97 35.7 50.4 3.80 .

CORG

0.547
0.926
0.857
0.486
0.293
0.375
1 193
1"017
o:715
0.690
0.579

0 489
0:261

0.758
0.424

0.346
2.1_5
0.632
0.716

0.732
0.654
0,496
0.501
0.367
0.519

0.404
0.551
0.429
0.375
0.472

1:084

0.328
0.512
0.538
0.310
0.709
0.558
0.653
0.506
0.105
0.529

CTOT

1.214
1.392
0,724

8458:435
0.717
1.546
1.545
0.757
1.014
0.879
0 662
o:883
1.788
O.AOl
0.286
2.659
2.757
1.749

1.886
1.246

.56&.002
1.159
3.613
1.436
1.750
1.475
1.053
1.155

2_057
3.472
1.108

1.089
0.665
1.024
1.175

1.049
1.133
1.605
1.123

C13

-8.25
-8.41
-7,21
-7.96
-6.32

-6.95
-4.76
-3.87

-6:43

-5.65
-5.47
-6.38

-6.15
-3.95

-4:37
-1.21
-2.96

-1.69

-6.47
-6.27
-5.63
-7.15
-7.57
-8.24

-6.65
"5.76
-5.69
-6,75
-6.08
-5.09

-7.78
-7.27
-7.41
-&,44
-6.57
-6,67
-7.35
-7.71
-8,16
-7.91

018

-6.09
-7.40
-7.01

:_:3307
-6.55
-6.57
-&.58

-5:64
-5.65

-4.83
-5.01
-4.04
-4.75

-4:99
-4.32
-4.18

-4.10
-5.01
-4.91

:_:9597
-4,95
-4.93

:_:3_78
-5.17
-5.88
-4.66
-5.62
-4,51
-4.07

-5.80
-6.44
-6.93
-6.06
-6.16

-6,41
-5.64
-5,b7
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Table B-3 Bardnger Lasertrace _ geochemical data"

_AMPtF C AL El Cll CR CN FF PH
|n ppq pp_ rp_ PP_ PPM PPM PP_ ppM

cAONI 14qn 7q_No IP3NOL) 53,4 67.6 _,3 2f600 112

CAO02 fS5 _QSO0 P_O()O _].1 4].1 5,36 20700 91.7

C^O0] fhfl Rsqon poP000 59.2 98.1 ].ql 23200 flT.g
CaO0_ !160 10_n00 97000 5_,2 83.f 10._ 31200 fT.6

C^005 152o 7_500 132000 49._ 62.3 9.81 22700 75.q

C0006 1_40 7_400 16_000 50.8 55,4 1o,8 2b_On fO.t

CAO07 I950 _9600 1_7000 60.q _.2 11,q 29_00 ql.O
CAO0R 1770 7q;fln IASO00 6a.l hb.l 9.31 24800 05.1

CAOOR 1550 qlqoo 13_o00 55._ 60.6 7.78 27600 _3.3
CS010 17_0 75900 17P000 52,4 51.5 _.46 24400 7_._

CAOtI 1550 _7700 162000 48.R 56.3 4.92 2_300 flS.8

CAOI2 1_50 q_o0 111000 57,a 59.1 q,47 27400 f2.6

C4O13 160o RO10O IS2O00 51.7 q�.q 9.52 24000 R0.2
C4014 1470 66900 152000 42.5 49.9 4,26 19200 75.0
ClOI5 15f0 7_700 134o00 100 49.5 6.08 23200 72.2

CA01_ 15a0 11_0o0 77_00 76.2 57.0 10.5 31300 80.0

CAOLbA 1_50 112o00 _3700 q6.N 56.9 9.65 30200 7A.8

C_017-o1 I]PO 1n1000 112000 115 50.6 9.35 33A00 01.q
CA017-02 _150 _x700 ]56000 90.] 44.0 11,7 21500 1o_
C_01f 1110 97_00 64fOrt I11 94.0 8,87 9f600 R_.9

CAOI4 1260 5]qo0 95_o0 _q.o 53.9 1.77 32300 6_._

CA020 1010 q7fO0 61500 73.1 41,3 1.10 22700 48.8
C4021 11fl0 9_o00 110000 6&.4 95.2 17,8 54200 94.4

_022 12A0 _OPO0 69_00 57.3 _.6 9.72 29000 73.]
C0023 1_o0 In2noo q_foo 79.4 72.1 10.1 ]fSO0 _f.7

CAOPa 105o fosnn 51900 71.5 54o3 4.74 25500 69,$

E^O_5 111o 1140no 610O0 5q.6 h3.3 9.2q 37200 f3.q

CAO_6 1290 103000 7flO00 50.R 57.2 7,6] 3_200 84.3
ca027 1240 lo_noo 657()O 55.1 60.0 q.35 ]!600 _1.6

CA028 1440 q9300 1_o00 57.5 fit,] 25.3 _6700 81.0

CA029 I_]0 07100 109000 57.0 16,8 Pn.7 26500 7q.fl

C_030 1200 112000 k_*O0 62.2 75.6 1A.l 51100 80.1
C_031 1130 lO5000 !01o00 59.7 64.0 11.4 54400 _7.5

CXOq2 I_0 _700 tq_OUO _!.7 42.4 5.56 20]00 76.2
_xo_3 130o 7_x00 l_]noo q7.5 53.2 fl.7a 26900 _1,1

C0034 lnqO 97_00 _1_00 54.0 52.5 9.fl3 2B100 76.0

CAO]5 In]O _!!00 F_%oO a6._ 47.7 6,70 25800 7_.0

CAO]6 1040 90700 _2,)_) _5._ 49.2 6.49 2A400 7_.6
C_0$7 7q_ 10_0_0 55._)0 _P,l 57,q 6.fl_ ]_400 f_.O

C_038 HS! q]_on 97000 41 .fi 55.5 4.oo 3360(I 7fl.7

C_O_O 7R1 q_ll)O 3q_U(I _3.7 56.7 q.2k ]5100 71.1

C&OQ[ FhO l_dO{1N OOZJ+lO _R.il 5q.tl 8.1fl ]6_00 fa.I

_AO_ 1000 qo_00 QHt)()0 47.0 5M._ R.1O ]_500 q0.tl

CA043 q_ tn7,_ao %11o0 5_.1 57.R q.gq 37100 fl%-fl
CAOq4 1050 _12o0 95101) uO.J 99.6 3.47 20100 75.4

MG

Pp_

2P300

_2100

Ifl_o0

15500
9770

I0900
11200

In900
9_5o

10200

9nkO

fl190
9120
7t00

f1070

fo_o
7460

T6fO
S520

4k80

30n0

36o0

11700
71fn

11600

7570
9700

q670
q710

7foO

7250
_0f0

qokO

_330
7760

7aPO

f_40
o_xO

10000
f_ao

fp6o

7nfo

qPO0

10100

qQpO

90_0

"Soil from Coyanosa test site samples collected in 1979 and 1980; the 1979 samples begin with "CA."
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TableB-3(Continued)
SAMPLE _H N(I I i| AG BE 5_ HA ZN

]n PP_ PPP Pv'4 ppM PpH PPM PPN ppM

CA001 610 I,_ 3q.H 4.3 3.2 15q_ I_10 15_

CAO02 515 !._ 2_.1 _,5 _._ 3_0 3q_ qi.R
CAoo3 351 1._ 2_,1 _.6 3.2 552o _6n q_._

CAO0_ 717 l.h _)._ u,7 3.1 l)OO 12%o 113

CkO05 b2_ I,h 31.9 3,9 3,O Rd3 7_4 _0.7

CiOiJ6 q9_ I,q 28.5 _.! 3.3 711 721 qq.q
CAN07 56h 2.0 55.2 _.5 3oi 7qq 697 1Oh

CAO0_ 515 2,0 37.a q,q 3.1 726 10_0 )Oq
CAOOq 617 1.6 31.7 q.5 3,0 62q 849 10_

CAO|() 518 ),6 _Ttq 4o6 3,0 634 9_ 8q._

CiOII 520 I.R 27.1 4.1 3.0 527 878 98,6

CAOI2 615 1,5 28.0 ],3 _,? 473 764 97,6
CAOI3 527 l.E 27.1 3.q _.q 5_3 7_4 101

CtOla 5qo 1.! 2_.I 3.2 2,5 3q6 696 b_,?

CAr) IS 462 1,5 25.1 3,1 2.7 5_2 703 11o

C*016 _12 1.5 2_._ 3,I ).7 3qq 66q 10Z
_01_A _3_ I._ 25.1 2,6 _,7 331 _15 103

Caoz?-ot all 1.] 27.1 _._ 2.b 323 q3n 107

CA()17-02 330 _.1 _1._ 7.0 3.7 524 _qO0 106
CAOI_ 226 2.3 27.1 2._ _.5 _Tb 1560 127

CA_Iq )_10 too 20.1 2,2 1.7 16_ 840 80.1
CA020 ZlO .q 1_._ I,q 1.1 198 6a8 5&.O
CA021 h3q 1.3 5u.q 3.2 Z.8 370 1380 115

Ck022 482 1.o 30,_ 2,2 2.3 3_d IOqO 80.q
CA023 _88 1.a 3P.I 2.9 _.q 560 la2q 12a

CA024 511 .q 20._ 2.2 2.3 300 1130 q0.3
CA025 738 I._ _9.6 3.0 _.q 3qq 734 1_!

CAO2fi 717 !.2 ?l.J 2.R 2.q 683 bE8 113
CtO_F 7_0 !.1 Eg.I 2._ _,q 417 5bq 102

CA028 603 1,7 _.1 3._ 2.8 _Tq 592 !06

C*02q hSE 1.6 ql.5 2.q 2._ 37_ 5_2 95.0
CaO_O _5 1.4 ,1._ _.6 2.7 2q5 580 107

CA031 73b I.q 3_.5 2.q 3.0 32b 6qR 121

C_032 5_7 1.4 23.8 6.4 2.8 356 538 75.T
CA033 _4o !.1 ?q.o 3.3 3.1 350 637 1o7

C_03q 735 1.3 2,.5 2.7 3.1 3oq 5fi6 102

CA035 _52 1.3 P3.b 2.6 3.0 1130 5_2 I13
CAO3b 979 1.1 23.2 2.4 3.1 73q 5_q 116

Ca037 q03 1.1 27._ 2,_ 3.1 4b_ 608 Iq_
C_o38 _15 1.o 24._ 2.0 2.q 2q_ 568 133

C_O]q 701 .q 2_._ 2.1 2.8 323 574 122
CAO_O 627 1.1 25.1 2.0 2.q 206 428 12b

CAOal H06 .q 2_.7 2.I 3.0 220 501 153
C_O_E ]lqO 1.3 Z_.O 2.1 3._ 286 5q_ 115

C_Oq_ _ t.0 25.6 2._ Ee9 290 b6_ 13a
C^ona 737 .q P2.2 2.4 2.9 P98 547 96.3
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SAr_PLF C_ _tA
Tn PP_ PP_

CaOOt .1 _3_0
CAO02 ol 17_,(_

CAO<)3 o I ;n70

CkO04 o I _5_r)

C^oO_ .I _qoo

C_0O7 ,I _110
CAO_fl .I 9710

CPOOq .I ._0

CA011) °1 _2_0

CA011 .1 qoqo
CA012 .1 _6N

CAOt] .1 _q_o

CJO14 .! 77_0
CAO15 .1 _QO

_A016 .I _000

C^0160 .1 x_O
C^n17-01 .1 1_q0

CA017-02 ,1 8_

C^(_18 .1 11P0

_a019 .1 7fll

CkOPO .I %_90

C^OP! .! _Aon

Can2_ .1 _120
CA023 .1 52_0

CAo_o .I 7nPO

CAo2_ ,1 027n

CA02_ .I _0_o
CA027 .1 _320
CAO2R .I qoPO

C^029 ,I _30

C^o_o .1 270o

CA031 .1 _o
CaO]2 .I 3_70

C^o_3 .1 _10

CA034 .1 kq_O

CAP^5 ol 7_n
C^_ .1 _92o

CAI)37 ,1 _%1n

CA039 ol _7_

CAO_O °1 7_70
CA041 ,1 79_0

CAO_2 .1 _2o

CA044 .! 52_0

Table B-3 (Continued)

ST P rx TT

PpM PP_ PPH PpM

24;009 I000 25.5 IERO
1H%NO0 77] ,I]. 0 1280

I _00 oo 808 _. 0 1_90

23 lOo0 89u 24.7 20_0
2_0o0 716 27.4 1040

2P_OOO 8_0 ]1.2 1430

195000 10.0 40.b 1790

2o_onll 9_9 35.1 1_90
227<)00 1030 29.3 1810

2_200o 899 _].7 1090

2_5000 qlt 32.2 1_20

PqlO00 !000 2_,1 1760

231000 900 28.7 1610
_SSoo0 731 25.7 1500

2aflO00 992 26.9 1540

2_3000 11o0 21.0 210o

256000 11]0 17.1 2160
2_8000 77_ 20.9 1740
1_3000 fits 59.0 069

231000 887 15._ 1260

296000 6]9 !_,2 603

]_Rooo 5ao 11,0 1200

237000 126o 20.5 1920

281000 821 14,7 1750
2_5000 116_ 20o_ 2080

P93000 770 12.4 17o0

24_0oo 1120 15.3 2250

250000 lOqO 18.7 2090
_55000 1190 15.4 2190

230000 1o40 29,5 1900

2_1ol)0 9_4 26.9 19_0

25100U 9_5 18,9 2170

2x_Ooo 9fl_ _0.7 2190
2_10u0 75n 52.1 1330

2q2000 916 27._ 177o

2530o0 1010 21.3 2010
PSflo0o 9_ 19.5 lqoo

_770oo IO_O 15.q 20_0

262oo0 qH_ 13.7 2250

27 _t)OI) q36 I 0 ° 0 2010

2kXf)flO q7q 15.2 2020
2 _oo0 7_0 12.0 1910

2_oo0 102o 13._ 2290

2_<+00 110n 13.2 2240
2_%i_i)t< 115n 1_.0 2310

265000 920 17,4 1900

v
Pp_

56._

49.6
5fl. O

71,3
_5.a

5_.6

55._

56.2
k_°5

53.8

63.9

61.0
52.0

40,9

50°_

65.a
66,0

118

63.0
333

I02

62,0
85,0

75.0
_7.7

62.9

76,0
74.5

72,5
59.5

50.9

61.q

60.1
03.6

52.2

60.2
50.0

5_.q
68,_

59.6

56.3
60°0

72.0
70,_

70._

50,5

K

PpM

15400

12900
17]00

2]]00

22_0o

215O0
27_00

23900

27400
22400

23300

25_n0
23400
_500

23100

2_700

27100

175o0

9910

19100

20000
17200

23300

25100

29600

26500

29800
29200

2_100

27900

27900

27700
27_00

17100

2k900

309o0
29900

27O0O
29100

30500

22900

51700

29900

2_0o
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Table B-3 (Continued)

ql-PLF C IL CA CIJ CQ C_ FF Pq vG
Tn pp_ PpM PPH PP_ PPq pp_ PP_ ppw DpN

50 7n_0 1tin00 6]000 146 Y0,a 2,% 38_00 106 1530n

51 4700 109000 4_600 131 T2,_ ,5 38000 125 IlqOn
5_ 40?0 IOqO00 41700 156 10.1 <,0 ]8900 120 1_00

5] 46_0 IO?nO0 36500 IIq ?8,_ 2,| I0300 1e? !_600
54 4170 105000 _8600 It] ?6.6 2,8 10400 la5 !_100

55 5470 !05000 48_00 185 75.0 _00 41400 139 12700
56 01]0 105000 _?000 t?e4 71.9 2,9 81900 117 lalO0

57 50a0 IlaO00 50600 9701 68,7 I.9 39]00 152 11708

58 4790 !1_00fl 21600 161 80.4 _,5 41900 130 10afl_
59 4430 |lflO00 ]9000 Tt.] ;8.5 _,5 i1300 IOe 1030n

60 3390 108000 |OqO0 |oq 78,8 2,] n1000 117 10100

61 ]680 100000 _3300 bo.q 73.1 _,] 4_400 I_0 960fl

62 a]]0 lO?O00 _0800 ISq 79.5 _,Y a_?O0 135 I030_
_3 0400 110000 31500 61.6 7_,4 _,Y 40300 14q !1_00

6a 5n10 101000 7_800 5e,5 6P,3 3.] 36100 !_5 11a00

65 5q80 I1_000 63000 60,5 64.3 _.4 36700 66.6 11flOG

66 4060 |14000 18100 ll,l 12,4 ],6 3q_nO I0_ |1600
61 40T0 113_00 19509 52,9 76.5 3,_ llSnO I]Y I1_00

_8 5580 114000 31700 4],7 70,5 ],1 ]q|O0 105 11_00

60 64_0 90100 96000 00.7 60.7 _,b 3540_ 1_5 11600

TO _q_ qqaO0 ]?TOO 3_.8 68,6 ,? 00?00 q],_ I1_00

71 5600 9q500 65_00 56,8 63°5 ,5 ]?_00 13_ IoqO0
7_ 5060 109000 ]9600 47.5 75.| .6 40500 15q 11600

Y3 61_0 101000 87000 41,4 7].; 1,0 35300 ]0_ 15700
T4 5830 105000 81400 4_.9 11.0 ,6 ]5400 |q? 1410_

75 _?80 105000 99400 31.a T4.3 1.0 33600 _?5 |aqO0
76 q]40 01800 |lqO00 59,0 75.1 ,0 34qn0 _q8 17500

77 8?00 101000 10q000 05,a ?_,? 1,0 34]00 3an 15100

T8 6500 1o_o00 68300 a0,8 ?_,o ,0 36700 301 16000
?q 706_ 115000 55100 45.4 ?2.8 .? 3?500 116 13_00

80 ?020 11a000 50200 43.6 80.3 1.0 37500 20q |_tO0

81 _04n tlhO00 a6400 5_,4 84,_ ,8 e0300 _35 le_00
82 ??qo 111000 qq?o0 50._ 01._ ,q e0400 _13 IqSOfl

83 ?630 115_00 a8000 41.8 78,7 ,0 ]g]_o 169 14_00

80 0610 ?_200 10_000 46._ 73.5 I.! _500 17_ ?]YOn

_5_ 6530 118000 3qlO0 m4.6 83,_ _.? 39300 _?a 16_00

8_ 5000 111000 alSO0 e3._ 73.8 .0 3qbo0 I61 13100
87_ 5510 113000 50700 t3.2 15.] ,0 38200 185 14_00
88C 6_8fl 101o00 10500 58,0 03.6 l,a el]no _S_ 18500

#q_ 5300 115000 44500 58,2 ?4.2 ,0 38800 168 l?qO0

90_ 5300 tnqo00 36_00 iq? 78.3 7,4 4010_ 253 1_q00

ql& 57_o 1_4flnfl 5010_ 45,7 ?_,? ,7 _71_o 210 lqqo_
q2x 5950 t11n0_ 61000 41,q 76,1 .7 30_0 !_q 1_6fl_
031 6820 t07_fl0 56400 aa,_ ?;.| ._ q0400 I_7 15n_0

3Ol _20 q6000 1_3000 e_._ ?1._ I,? q_qo_ It2 10q00

302 q_O IOanoo 99500 01,_ 71,_ I,a 338O0 300 14600

303 5?00 I0600_ 59300 39,3 15,q ._ 38100 192 I0600

300 6660 11_000 _0900 50,4 0_.8 ,? 02600 2@6 lal_
305 1100 I160_0 04400 4a.q 0_.6 01 02100 180 IS|Off

3_ 6050 ItqnOn 30800 40.6 _3._ .8 alqO_ 190 1_500

30? 10_00 10q000 a_O00 50,3 93,3 I,3 00800 21q 1670_

_0_ 8010 106n00 05700 a5,0 15,5 ,8 358_0 155 ?ha00
]_q 0410 8q_ofl 12600_ 47,7 08,_ o0 _0700 206 11_00

010 5400 8_m00 11e000 al,8 P2.5 ,q 20000 118 2110_
_1o_ 5500 103000 48700 a0.3 ??.$ .6 36_0 150 17_00

511 8OlO 056_o _0900 51,_ 06.7 1,5 36500 368 2alOn

312 ?_qo 103000 allO0 38,0 89,_ ,7 30500 226 ?_0_
_13 qqo0 q]_00 ]_700 42,q 06,3 .9 37300 161 2_00_

_ln 8150 llq_o0 33600 44,8 84,_ _.1 a2noO IO6 15100

315 6a3_ 12_000 9680 46,q 06.q ,b 40100 166 I?_0_

316 1100_ 84500 169000 a1,2 ?4,3 <.0 3_300 63,_ lq_0
]IT 0020 q_20_ 15_000 32.2 _.0 ,_ 3_0o0 1_8 laOnn

a01 11200 02100 123000 31.6 b],q <,0 33700 60,_ 17_00

402 7320 112000 59500 33.0 ?O.a ,b _q_o0 q?._ I07_0
00_ 6560 104000 qo]o0 29,4 60._ .7 3700fl q_.3 124on
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In
404
405

406

401

4_9

4In
411

412
413

414

ItS

417

4In

419

420
421

422
43_

4_4

42_
4_A

a77

420

4_q

Table B-3 (Continued)

AL CA CIJ Cq CO FF Pq M_
PPM PPM ppM ppu pP_ PpM PPM ppM Ppu

7760 !!200_ 40200 26,6 TO,_ ,7 _95_0 $0.3 1_a_o

63_0 114_00 46400 _7,0 69,9 4,0 3970n in_ 1270_

Rote 114000 40200 22,5 72,2 ,9 3970fl 79,6 !qi00
6QRO I|A_00 35500 31,4 76.b .7 43000 t3q 1_600

6500 108000 62700 26.1 67.7 .6 40700 !15 1340_

6600 119000 44000 37,3 ??,l .5 42500 0P,0 14200

6430 121000 26900 3&.0 00.| ,7 42700 107 I7_Ofl

9650 116008 70600 31,_ 69.4 ,6 39400 113 laqO0
8050 104n00 1|7000 38,1 66,0 ,7 35_00 04,6 15_n
97n0 108000 109000 37.0 71.1 ,7 36400 9a.1 15_00

9280 103000 121000 37,0 69.4 ¢.0 32500 67._ 13700
0150 110000 75200 35.0 74.6 ,9 ]0300 133 16700

8660 115000 76000 31,3 74.2 ¢,0 37900 99,0 17000

7410 107000 96500 33,0 75,0 ,0 36000 72.4 17500
7520 113000 87600 34,1 72,4 ,6 37100 qTeq 17000

0020 114000 45400 35.q 70.0 ,5 41700 !!3 16400

4200 110000 90_00 ]4.0 69.9 .6 36100 91.1 15800

7350 114000 98700 39,0 72,1 ,5 36400 108 1450P
7430 !10000 111000 36.? bq,R .9 35100 103 14900

9540 109nO0 00400 30.n 77.& ,b 39700 16_ 1?SO0

69_0 RIAOP 1_5000 34,_ gT.A |,2 _90_0 ¢,0 495_0
IPlO0 t_RflO0 72700 41.0 90._ ,R 4_00 _9.q _TOfl

7_0P |P3_OO 56000 39,_ gP,R ,6 4_POO 76._ _7|00
_a_o _QnOn _0300 %3,_ g_.4 ,_ ul?On 12_ _lPO_

_140 |04000 !P9000 _a.O 74._ ,_ _5_ !_1 tk_Ofl

7050 110_00 112000 36,9 60,S .0 35n00 IX_ 14000

8310 105000 98000 35,_ 71.4 .6 3&]0P 95,0 1_70fl
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_J_DLF

In

50

51

53

54

55
_6

57

5q

_0

_2

64

66

_7

_9

7n

71
?i)

71;
74

75
7_

7T
7_

7q

43
q4

A_E

AqG

Q r)l_l

q'iA

QT'_
Q'_T
3r) 1

30"

307

.30q

310
31on

311

312

315

316
311

4nl
402

4O3

UN
PPM

Y2q
451

806
_54

764

733

756
0O6

77!

851
_40

60_
677

74!
03q

_33

5_q

qa6

7q3
730

665

_50

725
_05

61T

q00

7q2

a_l

_6q
7q?

q3q

_07

77q

IOtO

602

60q

_38

783
qt3

lO_fl

q?3

q41

63_
q22

61q

ppl*

1.3

1.2

_,2

1.2

1.3
1.2

1.3

1.3

!.3
1,4

1,3
1.2

1.2
1,3

l.l
1.2

1,3

1.5

1,4

1,4
1.4

1.4

1.5

1,7
1.5

1.6

1,4

1.6

I.k

1.5
1.5

1.S

1.4
1.4

1.7
1°3

|,a

1,4

1,4
1°t _

1.6
1.3

1.5

1.4
1,5

1.7

1.3

I,4
1.4

1,3

2.4
!,7

.8

1.0
1.0

,T
,q

,8
,q

.q

N!
PPq

3383
20,2

3_.5

33.6

35,7
30.2

36.q
33.9

35,2

33.9
31.6

30.5

31,7

32,1

33,4
36.2

3X.4

30.7

30,4
36,!

42,$

43,q

43.1

50,?
57,8

48,5
46,4

45,7

45.7

53,3

iq.6

a5.3

51.3

44,8
42,8

3q,o

qq°l
ql,3

45.6
47,3

a_.q

54,5

45,_

53.3
4_,9

4q,6

67,0

50,q
53.q

38,8

44.3

85,1
5T,3

33,5
36.7

36.3

41,4

34°1

33,8

3_._

Table B-3

_G
pP_

,4

<°0

,3

.3

,3
.5

,3

.7
,5

,4
,3

.3
,I

.5

,5

84
.S

,4

°6

1°5
I°;_

t.t

2.2
2.q

2.3
2,0

1,3

2.0

1,7
I°?

2,0
2.5

?,O
1°3

1.5
2°3

1°4

I.4

2.7

1.4

1,_

1,7

1.7

2.1

.2

.S

,3

.2

(Continued)

HF
pp_4

3,1

2.6

2,9
3.0

2.9

3.2

3.3
3,q

3.1

3,3

3°0

3.1
3.2

2.8

3.1
3.4

3.8
}.2

3°4

4,5

3.R

3.4

3,1
3,1

3.4

3.S
3.1

3.5

3.S

3,S

3.5

3.7
2.6

3,7
3,4

3,5
3.6

3.5

3._

3.2

3.1
3.6

3.5

3.5

3,6

3,1
2,6

2.6
3.1

3.5

].4
]l.!

3,6

4,0

2.5

3.7

4,3
4,1

ppu

318

251

21q

298

221

189
2Z6

126
176

170
2O0

4n5

_64

178

Z27

42q

22O

29q

51q

q2S

4O8

1160
646

358
545

37a

312
34O

_14

2900

326

32!
301

247

274

?q7

aal

351

284

250

263

_3q

3760
3_40

1260

109@
550

558

5T8
2O6

751

Iq_O
341

378

Pl

PPM

521

521
52n

506

553

_83

432
573

664
631

674

536

37q
46_

75q
0#0

976

653
683

463

sqq

1410

2010
623

553

502
568

534

5q_

&34
k_q

823

606
647

72q

845

6qO

611
7600

63a

532

4q4
523

46_

2320
_lq

1500

63a

4a3
434

7N
ppu

166
172

164
118

150

150
204

140

166

243
|46

131

11R

135

132
|14

llq
12n

164

I_
151

135
156

131
132

12q

140

164

I?0
551

!15

131
140

140

IR7
157

Iql

Iq¢

I",1

15q

141'

160

184

I?O

132
la0

14n

165

230
lq5

112
105

lqk

156

1i7

135

CO
pp_4

.I

.I

.!

,I

,!

,1

,!

,I
,1

.1

.!

.I

.!

.I

,I
.!

.I

,1
,l

.I

,1
°1

.1

.I

,!
.!

,!
.!

.!

.!

.1

,1
.!
.!

.I

,1
.I
,1
.1

.I

.!

,1

,!
,1

.!

.!

,!
.I

.!

.I

.1

,!
°1

.!

,1

.1
°1

,l
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lib

O04
(I05
aO_
407
4OR

40q
4tO
011

a15

ol4
1|'5
416
at7
418

41q
4_0
421

a_4
425
4_5 j,

aEq

_FI

ppu

q]5
176
65_
673
1a4

153
7O0

_24

S:O
?00
7gb
736
70_

1150
lib
69O

g94

7qa

wn
ppM

,q
,8
,R
.9

1.0

1.0

!,0
,R
,q

.8

.8

.q
,6

1.0
,q
,q
,8
.9

.q
1.1

.q

.q
,q

N!
PPM

2ToT
33.9
30,$
27.4

]a.O
38,q
3Z°_
33,1
3A,5

38,6
36,5
38,|

3?,2

32,T
37,[
31,2
3#,5
37,0

41,7

31.4
35,5
36,0

12,q

Table B-3

p_v

<,0

.2

.!

.S

.I

.2

.2

.2

4.0
.2

.I

.?

.I

.2

.2

.3

,,_
.I
.I

(Continued)

RE
pp_4

I.t

I.I

4,5
t.i

4_4

l,O
4,0
4,3
],7
3.2

3.!
3.3
3oS
3,6
],S

3,5
3,4
3,2
].S

2.4
3,_

3._J
3._1

3,5

pPN

28q
26n
240

214
188

a_0
43q

4aq
4;5

394
442
_$2
496

61_0

$45
$44

406
45q

Ri

ppv

45q
4qS

488

614
445

464

464

4q_

3_q
4_a

Yla

ppM

126
lSn

140

140
tq3
ti_2
I]1
t20

1q4
I]!

!1q

14_)
127
141
13q

Iq'q
14q
!Ol
!c1_,

!01

Cn
PP_

.I
,1
,1
,1

,!
.1
.!
,1
,1

,I

.I
,I
.1

.I
,!

.I
,1

,I
,I
,I
,1
,1

,1
,1
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Table B-3 (Continued)

sA_pl F N¢ 51 p _ Tt v K

I n OpM PP'¢ PP'4 PPM PPM Pp'4 ppM

50 P7qo PaqOO0 1410 01.2 2250 81.5 22200
51 5000 265000 I]qO 05.0 2540 1q._ 24500

52 ]580 265000 I]80 44.7 2290 7_.2 26200

55 3140 270000 I]40 46.5 2]70 85.9 25000
54 292n 2760o0 1310 48.1 2]60 79.6 2]800

55 288n 2k]oon 1580 18,6 2200 86°] 2]500
5_ 2800 275000 1150 48.8 2500 82.o 2]700

97 2_60 255000 1200 05,6 20]0 75.5 29200
58 2670 27_000 1410 09.8 2o20 84.5 _7]00

59 2750 P_aO00 I]|0 47.1 2]20 80.8 27200

60 2760 P_2000 I020 50,1 2560 86,2 28000

61 3160 279000 1150 48.2 2500 83.8 26800

62 _540 278000 1240 41,9 2510 84,1 2_200
6] ]150 271000 1010 04,6 2420 81,0 20300
6n 2800 255000 1260 44.1 2100 80.8 23200

65 207n 251000 1180 o4.4 2290 76,5 26700
66 2500 256000 1180 05,2 2540 85.0 25]00

67 2670 _72000 1020 50.5 24q0 92.1 26300

_8 2810 266000 IQ]O 47.I 2450 80.0 26900

69 4100 250000 I010 41.N 2010 85.4 2]500

70 5090 274000 1240 07.1 2170 90.2 25]0fl
71 46_0 _OnO0 1090 45.7 2210 85°2 24200

72 ]470 264000 1190 49,1 2080 00.2 256_0

73 3050 205080 1370 47,6 _1_0 91.7 23500
70 ]10o 205000 1220 05.2 214o 85.1 22100

75 2620 2]4000 1260 45.6 2050 q6.2 21600

T6 _o20 P$O00O 1270 49.4 1910 120 19900

77 3170 229_08 14_0 48,1 2060 96.] 21900
78 ]520 248000 1280 48,4 2250 97.q 22]00

7q ]520 2aq000 1400 05.8 _200 88.1 27]0n

An 3630 _53000 1300 08,8 2250 q_,0 2370o

NI 3100 2_3n0o 1340 50.4 _010 95.6 2]700
82 3390 250000 1320 52.5 2]00 103 20500

83 2860 252n00 1670 52.2 2370 97.5 2_200
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TableB-4.Classificationof Coyanosstestsite sampleswithrespectto location relativeto local oil/gas production

OBS COOE PROD a ORS CODE PROD a

1 CAO01 0 70 406 t
2 CAO02 0 71 _07 1
3 CAO03 1 72 408 1
4 CAO04 0 73 409 0
5 CAOO5 0 74 410 0
6 CAO06 1 75 _11 0
7 CAO07 1 7_ _12 0
8 CAO08 1 77 413 0
9 CAO09 1 78 414 0

10 CA010 1 79 415 0
11 CA011 1 8N _16 1
12 CAO12 1 81 4!7 1
13 CA013 0 82 418 1
14 CA014 0 83 419 1
15 CA015 0 8q _20 1
16 CA016 1 85 421 1
17 CAn]6A 1 86 422 1
18 CAO17-O1 0 87 423 1
19 CA017-02 0 8R 424 1
20 CA018 0 89 425 1
21 CA019 0 90 425A 1
22 CA020 1 91 42G 1
23 CA021 1 9P q?7 1
24 CA022 1 93 428
25 CA025 1 94 429 i
2G CA024 1 95 50 1
27 CA025 0 9A 51 0
28 CA026 0 97 52 0
29 CA027 0 98 53 1
50 CAO_8 1 99 54 1
31 CA029 0 100 55 0
52 CA030 0 101 56 0
55 CA031 0 102 57 0
54 CA052 0 103 58 0
35 CA033 0 194 B9 0
36 CA034 0 105 AO 0
37 CA035 0 106 61 1
58 CAO_6 0 107 62 1
59 CA037 0 108 R3 1
40 CA038 0 109 _q 1
41 CA039 0 110 65 0
42 CA040 0 111 68 1
43 CA041 0 112 G7 1
44 CA042 0 113 _ 1
45 CA043 0 114 69 0
4& CAO_4 0 115 70 0
47 301 0 116 71 0
48 302 0 117 7P 1
49 303 0 118 75 I
50 _04 0 119 74 1
51 305 1 120 75 1
52 306 1 lpl 7_ 1
53 307 1 122 77 1
54 _08 0 123 78 i
55 309 1 124 79 l
56 310 1 lP5 AO I
57 310B 1 I_6 R1 i
5A 311 1 127 82 1
59 312 0 128 83 1
60 313 0 129 84 0
61 314 0 A5o 8o 132 o
65 4ol o

4o4 1 ,2. 1
69 405 I i_8 931 I

= Outside 1 = Inside
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Section 14

Technical Appendix

I. Sensor Characteristics

A. NASA Remote Sensing Data

1. Satellite data

a. Landsat. Landsat !, 2, and 3 provided systematic,

repetitive coverage of the Earth. Each satellite was in a cir-

cular, sun-synchronous orbit at an altitude of approxi-

mately 920 km. The satellites circled the Earth every 103

minutes, viewing the entire Earth every 18 days. Two

instruments carried by Landsat provided image data of the

Earth's surface: the Return Beam Vidicon (RBV) and the

Multispectral Scanner (MSS). Data used in this study were

limited to the MSS data, so only these data are described

(Landsat Data User's Handbook, 1979).

The MSS is an electromechanical line scanner, obtain-

ing data in four spectral bands in the visible- and infrared-

wavelength region for Landsat 1 and 2, and in five spectral

bands for Landsat 3. The characteristics of this scanner are

given in Table 14-1.

Table 14-1. Landsat 1,2, and 3 MSS characteristics

Parameter Value

Altitude, km 920

Swath width, km 185
Instantaneous field of view, m 79

Field of view, deg 11.56

Spectral bands, ,am:
Landsat 1 and 2

Landsat 3

Orbit

Coverage, deg

4:0.5 to 0.6, 5:0.6 to 0.7,

6:0.7 to 0.8, 7:0.8 to I. I

Same as above, plus 10.4 to 12.6

Sun-synchronous, repetitive every

18 days
81°Nto81°S

MSS data were obtained in digital form on computer-

compatible magnetic tapes (CCTs). Each nominal scene

covered an area of 185 by 185 km, imaged at about
9:30 A.M. local solar time.

b. Seasat L-band Synthetic Aperture Radar. On June 29,

1978, NASA launched Seasat, a satellite dedicated to

establishing the utility of microwave sensors for remote

sensing of the Earth's oceans. On October 10, 1978, a mas-

sive short circuit on board the satellite ended the operation.

One of the five instruments on board was an L-band (I.3-

GHz frequency and 23.5-cm wavelength) Synthetic Aper-

ture Radar (SAR) system. During its 31/3 months of opera-

tion, this system provided data about 100 million square

kilometers, 65 million of which covered land. Character-

istics of the Seasat SAR system are summarized in Ta-

ble 14-2.

Table 14-2. Seasat SAR characteristics a

Parameter Value

Satellite altitude, km 800

Radar frequency, GHz 1.275

Radar wavelength, cm 23.5

System bandwidth, MHz 19

Theoretical resolution on the surface, m 25 by 25
Number of looks 4

Swath width, km 100

Antenna dimensions, m 10.74 by 2.16

Antenna look angle, deg 20 from vertical
Incidence angle on the surface 23 + 3 across the swath
Polarization H H

Transmit pulse length. ,us 33.4

Pulse repetition rate, pps 1463 to 1640

Transmitted peak power, W 1000

Time-bandwidth product 634

Data recorder bit rate (on the ground), 110 (5 bits per word)
Mbits/'s

"_From Ford et al., 1980.
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At the ground processing facility, the radar-signal data
were correlated to generate radar images. This can be done

either optically or digitally. Details of processing are

described by Jordan (1980) and Wu (1980).

2. Aircraft instruments

a. NS-O01 multispectral scanner. The NS-001 Thematic

Mapper Simulator is a multispectral scanner developed at

NASA's Johnson Space Center (JSC) to provide spectral
bands similar to those of the Thematic Mapper (TM) scan-

ner flown on the Landsat 4 satellite (Johnson Space Cen-

ter, 1977). The NS-001 scanner was flown aboard a C-130
aircraft based at JSC.

The NS-001 scanner is a modification and an upgrading

of a single-channel scanner built at JSC and flight tested
in November 1976. Ground terrain is scanned by a mirror,

and the energy from the ground scenes is collimated

by a telescope. A dichroic mirror separates the short-

wavelength (0.45- to 2.35-/_m) and long-wavelength (10.4-
to 12.5-/_m) radiation. The short-wavelength radiation is

dispersed into seven short-wavelength bands by a spec-

trometer. Calibration of the system is maintained by black-

bodies and tungsten calibration sources that are scanned

after each line. The video signal from each detector is

amplified, digitized, and recorded on tape. Table 14-3

summarizes specifications for the NS-001 scanner. Charac-

teristics of the eight spectral bands are given in Table 14-4.

Table 14-3. NS-001 specifications

Parameter Value

IFOV, mrad 2.5

Scan angle, deg 1130

VH rad/s 0.025 to 0.25

Scan speed, rpm 600 to 6000

Roll compensation, deg _+15

Detector cooling Thermoelectric and liquid N 2

Gain and level control Manual

Calibration sources Blackbodies and tungsten lamp

System aperture, in. 4

Table 14-4. NS-001 spectral band characteristics

Channel Bandwidth, _m NER, Wcm -"SR l NE Ao, %

I 0.45 to 0.52 8.7 by 10 _ 0.5

2 0.52 to 0.60 6.8 by 10 6 0.5

3 0.63 to 0.69 5.0 by 10 _' 0.5

4 0.76 to 0.90 4.4 by 10 _ 0.5

5 1.00 to 1,30 6.0 by 10 _' 1.0

6 1.55 to 1.75 6.2 by 10 _ 1.0

7 2.08 to 2.35 4.7 by 10 5 <2.0

8 10.4 to 12.5 N/A NE AT = 0.25 K

b. Modular Multispectral Scanner. The Bendix Modular

Multispectral Scanner (M_S) was an l 1-channel electro-

optical scanner that recorded in the 0.33- to 1.065-/_m and

8.0- to 13.5-/_m wavelength regions. Ten channels were in

the shorter-wavelength region, one in the thermal region.
Characteristics are shown in Tables 14-5 and 14-6.

The instrument was flown aboard NASA's C-130 air-

craft based at JSC. The t00 ° scan angle, 2.5-mrad instan-

taneous field of view (IFOV), and 803 elements per line

provided a resolution of 12 m at an elevation of 5000 m.
Data were recorded on high-density digital tape (HDDT)
and then were converted to CCTs in Universal Format,

prior to distribution.

c. Bendix 24-channel scanner. The Multispectral Scanner

and Data System (Zeitzeff et al., 1970) was a 24-channel

scanner system that JSC (formerly the NASA Manned

Spacecraft Center) designed for geological research in 1968.

(The system was installed and flown in the C-130 aircraft

between 1970 and 1976.) From a remote sensing point of
view, the scanner had three uses: (1) collection of data,

over large areas of terrain, in a form suitable for analyses
on a digital computer, (2) collection of map data outside

the spectral range of photographic film and visual observa-
tions, and (3) reduction, by an order-of-magnitude, of the

problems of film quality control and film scanning.

Table 14-5. 2M S Instrument characteristics

Parameter Value

Number of channels 11

Spectral range, #m 0.33 to 1.065, 8.0 to 13.5

Scan angle, deg 100

IFOV, mrad 2.5

VH range 0.025 to 0.25

Words/scanline 838

Table 14-6. M2S spectral characteristics

Channel Bandwidth, btm Detector

I 0.33 to 0.44 Silicon

2 0.44 to 0.48 Silicon

3 0.49 to 0.54 Silicon

4 0.54 to 0.58 Silicon

5 0.58 to 0.62 Silicon

6 0.62 to 0.66 Silicon

7 0.66 to 0.70 Silicon

8 0.70 to 0.74 Silicon

9 0.76 to 0.86 Silicon

10 0.97 to 1.065 Silicon

II 8.0 to 13.5 Mercury-cadmium-telluride
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Table14-7.Bendix24-channelscanner

Channel Absolute

Number Bandwidth, _m Detector Calibration Source J

Array Number 0

I 0.34-0.4 Photomultiplier UV/V/IR

2 0.4-0.44 Photomultiplier UV "V/IR

3 0.46-0.5 Photomultiplier UV/V/IR

Array Number 1

Silicon4 0.53 0.57

5 0.57-0.63

6 0.64-0.68

7 0.71-0.75

8 0.76-0.8

9 0.82-0.87

10 0.97-1.05

UV/i_/'lR

UV/V/IRSilicon

Array Number 2

1.18 1.3 Germanium UV/V/IR

1.52-1.73 Germanium UV/V/IR

Array Number 3

2.1 2.36 Indium antimonide UV/V/IR

3.54 4.0 Indium antimonide Blackbodies

4.5-4.75 Indium antimonide Blackbodies

Array Number 4

Mercury-doped germanium Blackbodies

11

12

13

14

15

16 6.0-7.0

17 8.3-8.8

18 8.8 9.3

19 9.3 9.8

20 10.1-11.0

21 11.0-12.0

22 12.0 13.0 Mercury-doped germanium Blackbodies

Array Number 2

23 1.12-1.16 Germanium UV/V/IR

Array Number 1

24 1.05 1.09 Silicon UV/V/IR

'_Uv/V/IR: ultraviolet/visible/near infrared.

The spectral region covered by the 24-channel scanner

extended from 0.34 to 13.0 _m, encompassing both the

reflected solar spectrum and the thermal infrared (Table
14-7). The distribution of channels (I) was limited to atmo-

spheric windows and (2) was governed in detail by the

requirements for agricultural, geologic, and oceanographic

uses. Channels 23 and 24 were added to measure precipita-

ble water vapor in the observation and illumination paths.

Scan lines were generated by a 45°-scanning, flat

rotating mirror with its axis parallel to the flight path, an

active scan angle of 80 °, and a spatial resolution of 2 mrad.

Calibration accuracy specifications are given in Table

14-8. Two thermoelectrically controlled blackbodies,

calibrated to +0.5 K, were used for the thermal band

calibration; these sources were set to the expected high and

low extremes of target temperature. The ultraviolet/visible
and infrared channels were calibrated by both an internal

tungsten-halogen lamp and a skylight reference derived

from a diffusing screen on top of the aircraft. The skylight
reference was used to infer the terrain illumination level.

Table 14-8. Bendix 24-channel scanner calibration accuracy

speclllcatlon

Accuracies Required
Spectral Range, _m

Relative (channel-to-channel) Absolute

0.34 to 2.36 1% 5%

3.5 to 13.0 0.2 K 0.5 K
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Spectral dispersion for the scanner was provided by dif-

fraction gratings. Two spectrometers sharing the same scan
mechanism and field-defining aperture were employed, one
for the reflected and the other for the thermal channels.

The data were recorded digitally with 8-bit digitization,

representing a dynamic range of 250:1.

d X-band side-looking aircraft radar The Johnson Space

Center provided X-band (10.69-GHz frequency and 3-cm

wavelength) radar-image data obtained with a Goodyear

side-looking aircraft radar (SLAR) system mounted in an
RB-57 aircraft. This system recorded one like and one cross-

polarized signal (vertical or horizontal, selectable) on an

optical recorder. Approximately 20 min of data could be
recorded at 740 km/h (400 knots) ground speed. The opti-

cal recorder could not be reloaded in flight. Two modes of

incidence angles could be selected: one from 14° to 40 °
and one from 45 ° to 60 °. At 1520 m above terrain, the

resulting swath width was approximately 18 km, and the

resolution was approximately 20 m.

e. L-band side-looking aircraft radar. NASA's Ames
Research Center provided L-band (I.2-GHz frequency and

25-cm wavelength) radar-image data obtained with a sys-

tem designed by the Jet Propulsion Laboratory (JPL) and
mounted in a Convair 990 aircraft. This configuration

allowed simultaneous imaging in four polarizations (hori-
zontal, HH; vertical, VV; and two cross polarizations, HV,

and VH). The incidence angle was selectable from 0 ° to
70 °. At 1050 m above terrain, the swath width was approx-

imately 15 km, and the resolution was approximately 25
m. The optical recorders had a capacity of 1.5 hours of

data and could be changed in flight. A digital recording

system was also available and was capable of recording

one of the four available channels. The digital data were

recorded on tape with a half-hour capacity per tape. The

tape could be reloaded in flight.

f Passive microwave imaging system. The Johnson Space
Center provided X-band (10.69-GHz frequency and 3-cm

wavelength) passive microwave image data obtained with

an Aerojet passive microwave imaging system (PMIS)

mounted in a C-130 aircraft. This system digitally recorded

the dual-polarized data on a CCT. The phased array antenna

system maintained a constant incidence angle of 50 °. Along
the 70 ° scan (nadir _+35°), two-dimensional quantitative

antenna brightness temperature data were recorded by the

low-noise system at 44 beam positions (beam width 1.8 ° to
2.7°).

g. Multifrequency microwave radiometer. The Johnson

Space Center provided four-band passive microwave pro-
file radiometry data obtained with an Aerojet multifre-

quency microwave radiometer (MFMR) system (modified

by JSC) mounted in a C-130 aircraft. This system digitally

recorded emitted microwave energy, data which were con-
verted to antenna temperatures on a CCT. Characteristics

of the MFMR system are summarized in Table 14-9.

h. Shuttle Multispectral Infrared Radiometer. In 1977, the

Shuttle Multispectral Infrared Radiometer (SMIRR) was
constructed for the NASA OSTA-I payload on the second

flight of the Shuttle spacecraft. SMIRR was designed to

obtain single-point (nonimaging) radiometer data in 10

spectral bands in the 0.5- to 2.4-gm range. The bands were
chosen to test the potential of specific wide and narrow

spectral bands for future imaging systems for the identifi-

cation of materials of geological interest (Goetz and

Rowan, 1981).

SMIRR consisted of a 19-cm-diameter Cassegrain tele-

scope, behind which were mounted a spinning wheel con-

taining 10 interference filters and a thermoelectrically cooled,
short-wavelength-cutoff mercury-cadmium-telluride detec-
tor. From a Shuttle altitude of 250 km, the IFOV of the

Parameter

Frequency, GHz

Wavelength, cm

Bandwidth, MHz

Polarization

Antenna type

Beam width, deg
Resolution at 610 m

above terrain, m

Table 14-9. Characteristics of MFMR

Channel

1 (L-band) 2 (Ku-band) 3 (K-band) 4 (Ka-band)

1.42 18.00

21 1.65

27 200

Single Dual

(V or H) (Switched)

7 l- by 71 -cm Dielectric

phased array lens fed by
scalar horns

16 5

171 53

22.05

1.35

200

Dual

(Simultaneous)

Dielectric

lens fed by
scalar horns

5

53

37.00

0.80

50O

Dual

(Simultaneous)

Dielectric

lens fed by
scalar horns

5

53
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radiometer was approximately 100 m. Two 16-mm flam-

ing cameras were bore-sighted with the radiometer tele-

scope. Each camera contained a reseau plate; the position
of the radiometer footprint was known with respect to three
reseau marks within _+! mrad IFOV.

The filters were centered at the following wavelengths:

0.5, 0.6, 1.05, 1.2, 1.6, 2.1, 2.17, 2.20, 2.22, and 2.35 _m. The

filters having wavelengths short of 2.17 #m had band-

widths of 0.1 /tm. The next three had bandwidths of

0.02 _tm, and the 2.35-_m filter had a bandwidth of

0.06 _m. The choice of the filters was based on statistical

analyses of thousands of reflectance spectra obtained under
field conditions. The filters in the 2.1- to 2.35-/tm region
were chosen to aid in the identification of alunite, car-

bonate, and clay minerals.

SMIRR underwent laboratory absolute calibration tests

as well as tests using mineral samples of known composi-

tion illuminated by the sun. These calibrations formed the

basis for interpretation of the radiometric data acquired

from Earth orbit. To gain experience with the type of data

expected from the Shuttle over natural terrains, SMIRR
was installed' in the JPL aircraft. Test sites in Utah, Ari-

zona, and Nevada were overflown during 1979 and 1980.

The aircraft was flown approximately 200 m above ter-

rain at an airspeed of 93 m/s ( 180 knots), resulting in a 1-m
IFOV. The small IFOV yielded data showing rapid fluc-

tuations of brightness associated with individual bushes and

with shadows cast by small outcrops. Although 128 sam-

ples were acquired between sequential photographs, ground
location of the IFOV was certain only when camera frames

were being exposed. Between camera exposures, the atti-
tude of the aircraft was unknown, and interpolations
between centers of individual 16-mm frames only approxi-

mately located the ground track.

i. Aerial photography. The Johnson Space Center pro-

vided high-quality aerial photography, usually obtained

during a multispectral scanner aircraft mission. Two Zeiss

systems were available: RMK 30/23 (focal length 30.50 cm
and IFOV 47 °) and RMK 15/23 (focal length 15.25 cm

and IFOV 93°). At approximately 4900 m above terrain,

these systems provided continuous coverage, 22.85- by

22.85-cm photographs at a scale of approximately 1:45,000,

with ground resolution of approximately 1 m. Film options
included aerial color (2443, wavelength 0.42 to 0.7 _m) and

Ektachrome infrared (CIR) (SO 193, wavelength 0.52 to

0.9 _tm). Either print or positive transparency products

could be requested.

3. Portable Field Reflectance Spectrometer. The Por-

table Field Reflectance Spectrometer (PFRS) is a field-

portable instrument designed and built at JPL (Goetz et
al., 1975) to meet the following criteria:

(1) Backpack, field-portable

(2) Coverage of the 0.4- to 2.5-_m spectral region with

moderate resolution (A?_/_, = 0.02 to 0.04)

(3) Stability over a wide range of temperatures

(4) Digital data recording

The PFRS system consists of a separate optical head and an

amplifier-recorder assembly. In the field, the electronics pack

is worn by the operator. The optical head, mounted on a

tripod, is carried on a pack frame when moving from area
to area. A hand-held meter indicates the signal level and is

used to set gain levels. All results are reduced to spectral

reflectance values for comparison of areas measured under

various lighting conditions.

The optical head is illustrated in Figure 14-1. In sequence,
the beam enters the instrument at the left and is inter-

rupted by a 280-Hz vibrating reed chopper. A relay lens

focuses the incoming light on the slit directly in front of

the filter wheel and, by way of a beam splitter, onto a total-
field detector. The circular, variable-filter wedge (Figure

14-2) defines the wavelength and, in the three opaque sec-

tors, allows engineering information to be inserted into the
data stream. A second lens focuses the beam on a 1- by
6-mm detector.

The PFRS is capable of operating in a 0 ° to 50 ° C envi-

ronment. Both the total-field and the spectral detectors are
lead sulfide (PbS), thermoelectrically cooled (or heated) to

15 ° _+0.02 ° C. Stabilizing the temperature of the detectors

eliminates a major source of signal drift.

The total-field detector monitors the total irradiance in

the field of view as a function of time. Correcting the spec-

tral detector output for irradiance fluctuations over the

30-s scan period permits operation under high cirrus cloud
conditions while maintaining reasonable accuracy in
reflectance measurement.

Figure 14-3 is a functional block diagram of the record-

ing electronics in the backpack. Both the spectral and total-
field detector channels follow parallel-amplification and

synchronous-demodulation paths to the multiplexer. Sig-
nal measurement and recording occur at 90-ms intervals.

Sample-and-hold circuitry is used for integration within the

sampling interval. Analog-to-digital converters follow the
multiplexer circuit to ensure compatibility of the signals

with digital cassette recording.
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When spectral measurements are made, four 12-bit

words-consisting of the filter-wheel position, total-field

detector signal, and spectral-detector signal-are recorded

along with file number and gain states in each of the detec-

tor channels. When the three opaque segments of the filter

wheel (Figure 14-2) are in the field of view, engineering

measurements such as battery and power-supply voltages

as well as optical-head and backpack temperatures are

multiplexed into the signal channels. These diagnostic

measurements have proved useful in interpreting anoma-
lies in the field.

Additional digital circuitry formats the signals for
recording and controls the filter-wheel rotation. Power is

supplied by a 6-V silver-zinc battery with a capacity of 80

A/h. To conserve power, only the detector coolers and the

preamplifiers are energized when the unit is in a standby
condition. When a run is initiated, the DC-to-DC convert-

ers are energized; filter-wheel rotation and digital record-

ing automatically begin after a 2-s warmup. At the end of

the rotation, the system automatically returns to the standby

condition. A file counter that uses low-power-drain cir-
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cuitry remains energized continuously, even after the front-

panel power switch is turned off, so that no file-count error

is possible.

When in the field, the optical head is mounted on a tri-

pod about 1.3 m above the surface, with the long axis of
the slit oriented along the solar azimuth. The surface area

covered from this height is approximately 200 cm 2.

Gain settings for both signal channels are made by man-

ually setting the filter to approximately the 0.7-_m posi-

tion, the point of maximum signal observed on the hand-

held meter. The response of the PbS detector is sufficiently

flat that only one gain setting is required for the 0.4- to
1.4-_m range. An automatic divide-by-2 gain change is made

for the last segment of the filter wheel. A spectrum of the

surface is taken, followed immediately by a measure against
a standard in the same orientation. Fiberfrax ®, a ceramic

wool insulation used as the standard, has a surface that is

renewable by peeling the upper layer and pressing the sur-

face flat. This is important since contamination is inevita-
ble under field conditions.

It is possible to record 100 spectra on the two sides of

one digital cassette. With battery power sufficient to record

about 700 spectra, operation is possible for about 2 or 3

days between charges.

A set of interface electronics known as a "playback box"

(capable of displaying the file number and accessing the

beginning of any desired file) operates the tape recorder

within the backpack unit at a field headquarters. A digital-

to-analog converter is included for playback on a strip-chart

recorder. This unit acts as a tape controller and an inter-

face to the computer for analysis. The spectra are reduced

and analyzed with the aid of a Digital Equipment Corpo-

ration (DEC) PDP computer and plotter.
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Figure 14-3. Functional block diagram of the PFRS
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B. Non-NASA Remote Sensing Data

1. Fraunhofer Line Discriminator. The Fraunhofer Line

Discriminator (FLD) is an airborne electro-optical device

designed and developed by the U.S. Geological Survey

under NASA sponsorship (Watson and Hemphill, 1976).

Instruments have been developed that operate as both

imaging and nonimaging radiometers. Here we discuss only

the imaging system used in observations over test sites at

Lisbon Valley (uranium), Copper Mountain (uranium), and

Patrick Draw (oil and gas). These instruments permit

detection of solar-stimulated luminescence in rock, vegeta-

tion, water, and waste targets several orders of magnitude
below the intensity detected by the human eye. The FLD

method has been used for (1) studies of luminescence in

vegetation stressed from copper, zinc, and molybdenum,

(2) detection of oil spills and sulfide effluents from paper

mills, and uranium, vanadium, and copper mineralization

in sedimentary rocks, and (3) exploration for phosphate

rocks and gypsum.

The FLD method operates on the Fraunhofer line depth

principle first described by Link in 1951 (see Grainger and

Ring, 1962). Fraunhofer lines are dark absorption lines 0. I

to 1.0 A in width; they originate in the solar atmosphere.

Such lines are sharpest, strongest, and most numerous in
the ultraviolet, visible, and near infrared. Lines commonly
used in these studies are located at 3968, 4861, 5184, 5890,

and 6563 A. For any given target, a selection is made from

this collection; the selection is based on laboratory analysis
of samples of the most active regions. An advanced FLD

system used in the reported observation at Lisbon Valley

(Theisen et al., 1979) employed the three lines at 4861, 5890,
and 6563 A.

The Fraunhofer line depth method of measuring lumi-

nescence involves observing a selected Fraunhofer line in

the solar spectrum and measuring the ratio of the central

intensity of the line to a convenient point on the contin-
uum a few tenths of a nanometer distant; this ratio is com-

pared to a similar ratio of a conjugate spectrum reflected

from a material that is suspected to luminesce. Normally,
both ratios are identical; luminescence is indicated when

the reflected ratio exceeds the solar ratio. Reflectivity dif-

ferences between the central intensity of the Fraunhofer

line and the adjacent continuum can generally be ignored

because the variation of reflectivity with wavelengths is

negligible for most materials over spectral ranges of only a
few tenths ofa nanometer.

R m (14-1)

where

b = central intensity

a = adjacent continuum

The same Fraunhofer line is given in Figure 14-4(b) in a
spectrum reflected from a nonluminescing material. The

ratio of the line depth in the spectrum reflected by the
material is

R_= _ = R (14-2)
P

where p = reflectance.

Figure 14-4(c) illustrates the luminescence component,

L. Because many materials exhibit broadband lumines-

cence (commonly half-widths of several nanometers), the

luminescence contribution, L, shown in Figure 14-4(c), may
be assumed to be constant across the width of one Fraun-

hofer line.

Figure 14-4(d) shows the line profile of a material con-

taining both reflected and luminescing components. Since

the luminescence component is assumed to contribute

equally to both the central intensity and the adjacent con-
tinuum,

d = pa + L (14-3)

c = ob + L (14-4)

Rm pb + L c
- pa + L -- d " Rm> R, (14-5)

The difference between R., and R_ is a measure of the amount

of luminescence. The luminescence component may be mea-

sured in terms of the continuum component level, and

expressed as a luminescence coefficient by

L
- (14-6)

a

leading to

L = _a (14-7)

where

Figure 14-4(a) shows an idealized Fraunhofer line

observed in the solar spectrum directly, which may be
expressed as the ratio R:

= luminescence coefficient
L = luminescence

a = continuum component level
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Substituting Eq. (14-7) into Eqs. (14-3) and (14-4) yields

d = pa + _a (14-8)

c = ob + _a (i4-9)

These two equations can be solved to determine the two
unknowns 0 and (. Multiplying Eq. (14-8) by b, and Eq.

(14-9) by a, yields

bd= oab + (ab

ac = pab + _a:

Subtracting Eq. (14-10) from Eq. (14-11) yields

ac - bd = t;a(a - b)

(14-10)

(14-11)

(14-12)

(a)

I I

(b)

(c) (d)

>-
I..-

Z
U,J
I.-
z

>-
I-

z
Ud
I-
z

_c=pb+ L

X

Figure 14-4. Fraunhofer line profile: (a) in the solar spectrum observed directly; (b) in the solar spectrum reflected from nonlumlnescing

materials; (c) of luminescence contribution as a nonvariable with wavelength; (d) of material containing both reflected and luminescent

components
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Solving for _ yields

ac - bd
- (14-13)

a (a - b)

1 (c b_d) (14-14)_-a-b a

Equation (14-14) is useful because p and L are eliminated,

and the expression of_ is independent of incident solar flux.

The engineering model FLD, built by the Perkin Elmer

Corporation and delivered to the U.S. Geological Survey

in 1974, was designed using the Fraunhofer line depth

principle and initally operated as an airborne radiometer.

The FLD performed satisfactorily from a helicopter when

operating with an instrument bandwidth greater than
0.078 Hz.

In addition to the FLD operating as a radiometer, a sys-

tem was designed in 1977 to permit operation in an imag-
ing mode. The FLD imaging system is based on a simple

optomechanical arrangement which uses a pair of front

surface mirrors, one of which is fixed at 45 ° with respect to

the FLD earth telescope and the other oscillated _+9.25 °

with respect to a position parallel with the 45 ° mirror. The

linearity and total angle of oscillation are controlled by a

precision cam, based on an Archimedes spiral design. The

rate of oscillation is determined by an electronically con-

trolled precision DC motor with tachometer feedback. The
feedback signal is monitored for accurate speed control of

one complete sweep (37 °) per second. A timing disk is

mounted on the motor shaft to provide a beginning-of-sweep

trigger, generated by an electro-optical coupler. Ground

resolution is determined by the instantaneous l°-field of

view of the FLD. Maximum ground coverage (without

overlap) is obtained when the aircraft speed matches the

ground resolution of the FLD. For example, with the pres-

ent system, an aircraft speed of 45m/s (148 ft/s) at 2382 m
(7815 ft) above terrain is required for ground area cover-

age of 80 percent (without overlaps) at a ground resolution

of 45 m (148 ft). A bore-sighted television system permits
identification of surface features and correlation of these

features with measured luminescence and reflectance.

FLD data, recorded on digital tape, are transferred to

computer memory where either luminescence or reflec-

tance data for each resolution element can be analyzed and
assigned a character representing either a specific value or

a range of values. These characters are then reproduced by

a printer with a capability of producing 94 distinct charac-

ters plus a blank. The computer is programmed to produce

gray-scale slicing with a preselected window for lumines-
cence or reflectance.

When a part of the data has been selected for further

processing, a histogram is printed. The data are transferred

to a DEC PDP 11//45 mainframe computer and com-

pressed to an 8-bit format similar to Landsat TM data. The

full range of processing, correction, and enhancement pro-

grams used on Landsat data can be applied to the FLD

data, and the finished product presented in color form.

In order to assess the sensitivity required to detect lumi-

nescing materials, a laboratory fluorescence spectrometer

is used to quantify the luminescence intensity of materials
at Fraunhofer lines (396.8, 486.1, 518.4, 589.0, and 656.3

nm) in terms of equivalent luminescence of specific con-

centrations of rhodamine dye. The spectrometer was oper-

ated so as to produce excitation spectra; that is, the excitation
monochromator was scanned while the emission mono-

chromator was stationary at the wavelength of a specific

Fraunhofer line. This arrangement provided a system in

the laboratory analogous to an FLD in the field, where the

broadband excitation of the sun produces an emission in a

luminescent material, the intensity of which is monitored

at one or more Fraunhofer lines. The spectrometer-

equipped with a corrected spectra attachment-automati-

cally adjusted for the wavelength dependence of the source
and detector and produced a corrected distribution of exci-

tation intensity.

In the front-surface mode, solid samples (or liquid or

powdered samples in a centimeter quartz cell) were so

positioned in the sample compartment that both excitation
and emission went through the front surface of the sample.

Light from the excitation monochromator illuminated the

sample surface at an angle of approximately 30 ° to the
normal, and luminescence from the sample surface was

directed in a narrow solid angle (centered at 90 ° from the

incident beam) into the emission monochromator and onto

the detector. In the right-angle mode, light from the excita-

tion monochromator passed through the sample cell, with

resulting luminescence measured at right angles to the
incident beam.

To relate all luminescence spectra to one set of condi-
tions, rhodamine WT was used as the reference "standard"

prior to each measurement. When the area under the curve

of the excitation spectra of the sample was compared to

the area under the curve for rhodamine WT dye (at a spe-

cific dye concentration), a relative, equivalent rhodamine

WT concentration was obtained. For example, a sample

having an integrated excitation intensity of 50 was com-

pared to a rhodamine WT concentration of 10 ppb, which
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also has an integrated excitation intensity of 50; the sam-

ple is said to have had an equivalent luminescence of l0

ppb rhodamine WT. This standardization makes it possi-

ble to correct for instrument response variations during
measurement and to assess results achieved in the labora-

tory in terms of whether the same material in the field would
be within the sensitivity range of an airborne FLD.

2. Aerial radiometers. Aerial spectral gamma (y) radio-

metric measurements were performed over the Copper

Mountain uranium site in 1977 by GeoMetrics, Inc., under
subcontract to the Bendix Field Engineering Corporation

as part of the NURE program. The technical details below
were taken from Bramlett et al. (1979).

a. The measurements. The ),-spectral measurements were

made along east-west flight lines spaced at 1.6 km in an

outer block and at 0.5 km over a detailed inner grid cover-

ing the zone of major mineralization. North-south tie lines

were spaced 6.4 km apart in this inner block. A detector

utilizing 2048 cm 3 of sodium-iodide crystal was used

on board a helicopter. Multispectral data were reduced to

potassium (as 4°K), uranium (as 2'4Bi), and thorium (as 2°STh)
concentrations and to the gross gamma signal for each 1.0-s

digital record. The interference between peaks was re-

moved before potassium, e uranium, e thorium, and gross

gamma signals were reported. It was assumed that -'_4Biand

-_°SThwere in secular equilibrium with uranium and tho-

rium. The data were reduced, and all fiducial and naviga-
tional corrections, as well as cosmic ray and airborne _"4Bi

backgrounds, were accounted for before the survey data
were recorded on magnetic tape and were placed on disk

file for review and interpretation by Bendix.

b. Four-channel gamrna-rav spectrometry. A 4-channel,

analog gamma-ray spectrometer, Model DGRS-1002,

manufactured by Exploranium/GeoMetrics, was used for

this survey. The detector was a sodium-iodide crystal with
a volume of 1953.33 cm -_(! 13.09 in.). The spectrometer

was used in the differential mode providing a measure-

ment of potassium (as 4°K), uranium (as -_Bi), thorium (as

2°_l'h) and the total count from 0.4 to 3.0 MeV. The output
of the channels was recorded on an 8-channel recorder.

The aircraft and system radiometric background was

measured at the start and end of each workday by overfly-

ing a reservoir located near the survey area. Surveys were

not conducted during periods of temperature inversions or

during or immediately following periods of precipitation.

The sampling period was nominally 1 s. The digitized val-

ues were acquired in hundredths of inches and were con-

verted to counts per second after the correction for variations
in full-scale deflection and variations in the zero level.

Compton Scatter corrections, which include corrections

for background, were applied to the converted data, and

the striping coefficients were determined from the calibra-
tion data obtained over the Walker Field Calibration Pads

(Bramlett et ai., 1979). Backgrounds used for the correc-

tions were determined from the analog records, and each

flight was processed separately. Occasionally, The, .... Uc, ....

K_. .... and Tcc,,rr were negative, indicating that the back-

grounds may have changed locally and/or the aircraft ter-

rain clearance changed. To avoid plotting negative values,
the results were adjusted. The adjustments were applied on

a flight-by-flight basis.

3. Aerial magnetics. Aerial magnetic data have been

compared with images depicting the state of oxidation of

granite rocks at Copper Mountain. The magnetic surveys

were conducted by the Bendix Field Engineering Corpora-

tion as part of the NURE program. The discussion below
is taken from Bramlett et al. (1979).

Magnetic data were collected in conjunction with the
aerial radiometric survey using a high-sensitivity (0.25-

gamma) proton magnetometer. The magnetic data were
corrected for diurnal variations, tying to a common mag-

netic datum and "detrending" by subtracting the regional

magnetic field as defined by international convention in

1975. The diurnal magnetic field was monitored by a

ground-based magnetometer that sampled every 4 s. These

data were recorded on magnetic tape along with the time

for synchronization with the airborne data.

These corrected magnetic data were then processed by a

tying program that compared the magnetic differences at
the intersection of flight lines and tie lines. The 1975 IGRF

(updated to the survey date) was subtracted from the cor-

rected, tied magnetic data, thus yielding the reported resid-

ual magnetic field.

4. Airtrace '_. (The discussion below is largely extracted

from Abercrombie et al., 1978, except as otherwise indi-

cated.) The Airtrace*' method, developed by Barringer

Research Limited, is an airborne geochemical system that

samples and measures the elemental composition of par-
ticulate material from the lower atmosphere. The system

relies upon the phenomenon of atmospheric dispersion of

inorganic particulates from surface soils and vegetation.

The system consists of an airborne unit (including an

air-collection device, a particulate-sizing module, and a

sample impingement-collection deck) and a laboratory-

playback unit. The laboratory-playback unit is used with
the Lasertrace '_: analysis system to determine the elemental

composition of samples (refer to Paragraph II.B).
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The airborne unit for the Airtrace ® system is shown in

Figure 14-5. The collection mechanism consists of two

aerodyne collectors capable of receiving 34 m 3 of air per

minute. The system is usually mounted on a helicopter,

but it may be used with any suitable aircraft. These collec-

tors are designed to reject particles smaller than 10 ttm in
diameter and to retain particles greater than 50 t_m in

diameter. The larger particles have relatively high settling

velocities in the atmosphere, with mean dwell time of a

few tenths of a second; on the other hand, finer particles
have a mean dwell time of hours and in extreme cases,

weeks. Under typical conditions, the transport distance of

the larger particles is estimated to be in the tens to hundreds
of meters. In this manner, only the larger particles of local
derivation are retained.

Particles thus sampled are transferred into a small vol-
ume of air and then are accelerated to minimize the risk of

particle hang-up in the system. The particles are counted,

and a switching mechanism is employed to divide the sam-

ple into two streams. Both streams are vacuum impacted

onto high-purity mylar adhesive tape to form sample "spots"
of particulate material covering an area 3 mm in diameter

on the sample tape. One stream consists of material char-

acterized by very high flux rates, indicative of rising bodies

of air containing particulates of local derivation. This forms

the Airtrace ® sample. The other stream is characterized by
material with more uniform flux rates associated with stag-

nant or falling air containing exotic particulate material.

To improve the precision of the system, material is impacted

onto the tape until a fixed number of counts are accumu-
lated on the particle counter monitoring the Airtrace ®

sample. The sample tape is then automatically advanced

and protected with a Teflon cover tape to prevent contami-

nation. The sample spacing along the tape is irregular.

Sample location marks are automatically registered on the

TAPE DECK

'VACUUM

PARTICLE
SEPARATOR-MONITOR

Figure 14-5. Airtrace'-"airborneunit (from Abercrombleel al., 1978)

cover tape. Sampling rates average 400 sample pairs

per hour.

Sampling lines are typically flown at 500-m spacings. In

normal operation, the average speed of the survey helicop-

ter is 145 km/h at approximately 6 m above the highest
object.

Sample tapes are taken to the laboratory where they are

played back for analysis using the Lasertrace ® analytical

system. Figure 14-6 shows the automated playback system.

5. Surtrace ®. (The discussion below is largely extracted

from Bramlett et al., 1979, except as otherwise indicated.)
The Surtrace ® method, developed by Barringer Research

Limited, is an airborne geochemical system that samples

and measures the elemental composition of the interface

between the Earth and its atmosphere. The Earth's surface

is covered with a layer of particulate materials in contact

with the atmosphere. This surface microlayer of residual

soils reflects the geochemistry of the underlying parent
material. The coarse particulate material occurring on the

LASER

1

SAMP
TAPE

Figure 14-6. Lasertrace_'laboratory-playbackunit
(from Abercrombleet al., 1978)
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surface of vegetation and having wholly biological origin

also exhibits a chemical composition that closely reflects

the geochemistry of the underlying soils.

The Surtrace '_' system consists of an airborne unit

(including a sampling-probe device, a particulate-sizing
module, and a sample impingement-collection deck) and a

laboratory-playback unit. All subsystems are the same as

those used in the Airtrace :_system (refer to Paragraph I.B.4)

except for the sampling probe.

The sampling probe, located beneath the helicopter, is a
lightweight, flexible device carrying a sensor that allows

the pilot to keep the probe in contact with the ground.
Vacuum equipment removes the surface microlayer of

particulate material in a semicontinuous sampling opera-

tion, and the sample is size-sorted, concentrated, and

impacted onto the collection tape. After a sample is

impacted, the sample tube is automatically back-flushed.

This flushing period can be varied according to surveying
conditions and requirements.

Sampling lines are typically flown at 250-m spacings. In

normal operation, the average speed of the survey helicop-

ter is 48 km/h. Samples are usually taken every 5 s, result-
ing in a sample spacing of approximately 75 m.

A portable backpack and a vehicle-mounted version of

the Surtrace '_ sampling system are also available (Barrin-

ger et al., 1978).

II. Ground Truth Data by Laboratory
Techniques

A. NASA Data

1. Beckman DK2A Spectrophotometer. The Beckman

Model DK2A ratio-recording spectrophotometer is a labo-

ratory instrument designed for the analysis of gases, liq-
uids, and solids in the spectral region of 0.16 to 3.5 /_m.

The laboratory spectra reported here, however, cover only

the region of 0.4 to 2.5/zm, corresponding to the spectral
region covered by the PFRS and to the atmospheric win-

dow short of the major water-absorption bands near 3 #m.
The DK2A is routinely operated in the reflectance mode

with a barium-sulfate-coated integrating sphere and spe-
cial attachments to allow hemispherical measurements on

horizontal, uncovered, granulated, and solid samples (Conel

and Nash, 1970). All measurements are made with respect
to magnesium oxide and can be converted to "absolute"

reflectance if the current reflecting properties of this stan-

dard are known. A method of averaging reduces the spec-
tra to a standard relative scale [R (X)] by dividing the

measured reflectance at each wavelength by the average
standard reflectance. In this form, the relation between the

relative reflectance [R,(k)] and the sample reflectance [R,(k)]
is given by

R,(x)

where RM_o is the hemispherical reflectance of MgO. The
signal-to-noise ratio of this instrument is estimated to be

approximately 500 throughout the visible and infrared
region.

It is important to realize the inherent difference between

field and laboratory spectral reflectance measurements under

the system in use. The laboratory instrument permits hem-
ispherical reflectance measurements on circular fiat sam-

ples 1.2 cm in diameter. On the other hand, the PFRS allows

areal average spectra of undisturbed ground over a 2 ° by
11° (0.035 by 0.192 rad) area. These latter measurements

are bidirectional in character with the optical path of the

spectrometer head lying in the plane of incidence of sun-

light with the surface. The field spectra are normalized
against Fiberfrax ®.

The relationship between the photometric character of
these two types of spectral data can be obtained from the

theory of the integrating sphere (Edwards et al., 1961;

Wendtland and Hecht, 1966), by defining the bidirectional
half-space reflectance as f(0, 4,; 0', 4,') for reflectance direc-

tion (0', 4,') and incidence direction (0, 4,) in polar coordi-

nates. The reflectance p(O, 4,) for monochromatic light is
then defined in terms of illumination as

f(O, 4,; 0', 4,') sin 0' cos 0' dO' d4,'

(14-15)

Thus, for real diffusely scattering surfaces in most cases,

p(O, 4') --> f(0, 4,; 0', 4,'), and the two are related by Eq.
(14-15). The theory of the integrating sphere (Wendlandt
and Hecht, 1966) shows that in error-free measurement,

the measured hemispherical reflectance is

where p, is a sample reflectance for incidence directions

(0, 4,) and Ps, is standard reflectance for these same angles.

From the nature of the procedure, the PFRS measures

riO, 0; 0, 0). To go from one set of measurements to another
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via Eq. (14-15), some measure of the full functional form

off(0, if; 0_ _') is required. Such measurements are ordi-

narily not required because the laboratory spectra are gen-

erally used only as interpretational guides for features in

the field data. An exception to the foregoing occurs of course

if the surface is scattering strongly (i.e., is specular) in the
direction of observation.

While the values of reflectance obtained by these two

methods are only suggestively comparable in magnitude,

the wavelength positions of important absorption features
remain unaffected for the observation of similar materials.

2. X-ray diffraction unit. An early-model Phillips Norelco

diffractometer was updated by replacing the electronics and

detection systems while retaining the line voltage regula-

tor, two goniometers, X-ray tube housing, and generator.

This updated model is cooled automatically by a circulat-

ing chilled-water supply. The X-rays are derived from a
CuKa tube. Solid-state electronics include the following units

by Mechtronics:

(1) One high-voltage power supply for the detector

(2) One scaler-timer unit

(3) Two amplifier-scanner units with pulse-height
discrimination

(4) Two rate meters with standard-error and percent-

offset pots and a scaler-multiplier unit

The detector units for the two goniometers include a large

d-spacing curved graphite focusing crystal grown by the

Union Carbide Company in a Phillips Electronics Com-

pany monochrometer, which passes monochromatic radia-
tion pulses to the transistorized scintillation detector. A

pulse-height analyzer allows a baseline and window volt-

age to be set; signals above or below this window are

rejected. The data are recorded on two Hewlett-Packard

recorders. Two-theta discrimination is at 0.05 °. The go-

niometer scanning range used is from 5° to 65 ° 20.

B. Non-NASA Data: Lasertrace '_

Samples collected by the Airtrace ® or Surtrace _ systems

or finely ground (_ 10 _m) samples manually mounted on

mylar tape can be analyzed for up to 24 elements with the

Lasertrace ® system developed by Barringer Research Lim-
ited. This system uses a direct-reading Model QA 137 multi-

element, radio frequency, argon plasma emission spec-

trometer calibrated to measure concentrations (in ppm) of

the following elements: carbon, aluminum, calcium, cop-

per, chromium, cobalt, iron, lead, magnesium, manganese,
molybdenum, nickel, silver, beryllium, strontium, barium,

zinc, sodium, silicon, phosphorus, thorium, titanium, vana-

dium, and potassium.

According to Bramlett et al. (1979),

Survey tapes containing particulates of the appropri-
ate size are analyzed for elemental composition by solid

sample transport into the plasma, followed by excita-

tion and light emission at specific wavelengths charac-
teristic of the elements listed above.

According to Abercrombie et al. (1978, p. 39.2),

The tapes are played back through a lab system which

removes the 10 to 500/_g of sample from the adhesive

tape surface and transports the resulting aerosol to a
multi-element instrument without contamination or

matrix interferences.

The tape is placed on a deck and the air purged to

establish an argon atmosphere. The optical marks on

the tape are used to position the dust spots under a
laser beam, and control the logic which removed the

cover tape and sequentially advanced the tape drive
after each laser-firing-measurement cycle. A pulsed 17

megawatt CO_ TEA laser releases the airborne partic-

ulates from the sample tape. The 10.6 tz laser radiation

is transmitted by the tape but strongly absorbed by

the particulate matter. The ejected particulates (as

formed) are entrained in the flowing argon stream

passing through a specially designed glass cell. The

ejecta is swept into a radio frequency argon induction

coupled plasma for optical emission analysis. Almost

80-85% of the ejected sample is carried to the plasma.

The cell design prevents cross contamination between
adjacent sample pairs and allows continuous running

of the plasma even when the playback assembly is

opened to change tapes.

During automated operation, the logic controller

advances the sample tape into the laser target zone
and fires the laser. After 10 seconds, a front surface

mirror in the laser path rotates slightly to reflect the

laser beam onto the second sample spot of the pair

(generally coarse and fine size) and the laser again fires.
After 10 seconds, the mirror rotates to its original

position and the sample tape advances to a fresh pair
of spots, beginning the cycle again. The plasma spec-

trometer integration commences coincident with the

laser pulse and continues for 3 seconds. During that

time interval approximately 80% of the transported

material is swept into the plasma. The analytical rate

is limited to a 10 second interval by the operating speed

of the calculator attached to the polycromator.

14-14



The analytical system uses an inductively coupled RF

plasma (ICP), which features good sensitivity, wide

dynamic range and automated multi-element analy-

sis. The spectrometer is an Applied Research Labora-

tory QA 137 direct reading spectrometer with 25
element slit array. The output from the ARL digital

voltmeter is interfaced through a Hewlett-Packard 9821

programmable calculator to provide magnetic tape

cassette storage and thermal printer hard copy record.

The QA 137 operates at i.6 Kwatts full work power at

an observation height of 16 mm above the load coil.

Coolant plasma and aerosol gas flow rates were

approximately 10 and 1 litres/minute respectively.

A detailed discussion of the procedure for converting the

millivolt readings from the QA 137 to parts per million

and a comparison of these readings to results obtained by

atomic adsorption and conventional plasma spectroscopy

are also presented in Abercrombie et al., 1978.

III. Image Processing Laboratory Facilities

The Image Processing Laboratory (IPL) is equipped with

an IBM 370/158 CPU with 3 megabytes (Mbytes)of main

memory and 2800 Mbytes of on-line disk storage. A Float-

ing Point Systems AP-120B array processor, attached to the

IBM 370 through a DEC PDP 11/34 minicomputer, pro-
vides additional specialized computation capability. Inter-

active display is provided by three digital refresh image
display systems interfaced to the CPU: a Ramtek GX-100B

480-by-640 monochrome system, a Comtal Model 1024

system, and a Comtal 8000 512-by-512 color system. Film

recorders include a custom built single laser color device, a

Dicomed D47 CRT system, and an Optronics PI500. A

Polarization Diversity S-band (PDS) scanning microdensi-

tometer and a Bendix coordinate digitizer allow data entry

from film and maps, respectively.

IPL software is structured about the VICAR executive,

featuring a high level processing language that controls

invocation of any combination of the over 200 applications

programs. An interactive version of the control language,

LIBEXEC, brings the capabilities of VICAR to the inter-

active display systems. Image Based Information System

(IBIS) software, developed at JPL, is available through
VICAR. The Informatics Mark IV information system is

also available for data management and cataloging.

IV. Computer Processing

A. General Processing

Computer processing applied to test site image data falls

into two categories: (1) data preparation, including refor-

matting and various necessary corrections, and (2) analysis

and display.

1. Data preparation. The preparation of Landsat MSS

data used in the study consisted of reformatting the pixel
interleaved data received from the Goddard Space Flight

Center, applying a set of standard geometric corrections,

and removing the striping. All of the geometric corrections
were performed in a single resampling operation using bi-

linear interpolation. Among the distortions removed by

resampling were those due to Earth rotation, panorama,

roll, aspect ratio, and nonuniformity in mirror-scan veloc-

ity. After the aspect-ratio correction, each image pixel rep-
resented a resolution element of 80 m × 80 m. The final

step of data preparation removed the characteristic Land-

sat MSS six-line striping pattern. This was done by match-

ing the average values of full scan lines for each of the six

sensors over local areas of any of the spectral components.

Similar types of data preparation were applied to air-

craft image data. The first step was to separate the spectral

channels by reformatting the band interleaved data sup-

plied by JSC. The next step was to remove systematic geo-

metric distortions. The first distortion, termed "panorama

distortion," results from the constant angular sampling of

the scanner, causing pixels at the edges of the image to

represent much larger footprints on the ground thart those

pixels in the center, which are sampled directly below the
aircraft. Since the angular field of view of the aircraft scan-

ners is large (100 ° for NS-001), this distortion was consid-

erably more pronounced in the aircraft data than in Landsat

MSS data. This distortion was removed by a one-dimen-

sional resampling procedure operating in the cross-track

direction (along scan lines). Again, linear interpolation was

used. Extra samples were inserted to preserve resolution at
the nadir. The second distortion, nonunity aspect ratio,

occurred because the instrument scan rate was not syn-

chronized perfectly with aircraft speed so that the spacing

of pixel footprint centers at the nadir was different along

track than across track. Furthermore, the aspect ratio of

the acquired data was unpredictable, varying from flight to

flight.

Because the data were invariably oversampled along track,
it was possible to remove both aspect-ratio and panorama

distortion in a single one-dimensional geometric transfor-

mation according to the following procedure. First, the

panorama distortion was removed from a single spectral
channel. Then the actual aspect ratio was measured by

making along-track and across-track distance measure-

ments in the image and comparing these with actual dis-

tances measured from a map or aerial photograph. Finally,

a panorama correction was made on all channels of data
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by decreasing the resampling interval (i.e., more pixels in

output image) to the proper proportion so that the result-

ing aspect ratio was unity. The resulting images contain

many more samples across track (at most by a factor of 2
to 3) than the original data. The increase in processing time

for future steps was accepted to fully preserve the best res-
olution segments of the original data. No attempt was made

to correct for aircraft roll, pitch, yaw, speed variations, or

wobbles in the flight path, except for isolated cases where

rectification to a map base was performed.

After the geometric distortions were removed, image

segments were concatenated into complete flight lines.
Finally, where necessary, systematic across-track intensity

gradients were removed. The source of these gradients is

uncertain. They were removed by forcing the average

intensity along horizontal lines to be constant in a specified

(ideally uniform) subsection of the image (i.e., perpendicu-

lar to the flight direction).

2. Analysis and display. Many different univariate and

multivariate techniques were used in analyzing and

displaying the test site image data. These included contrast
stretching, color enhancement, ratioing, principal compo-

nent and other multispectral transformations, multiple-

image geometric registration, multivariate statistical analy-
sis, and classification procedures. Existing interactive facil-

ities were used to optimize final displays.

While occasionally performed on the original data, con-

trast enhancement generally was applied as a final step after

the completion of other processing steps. Without effective

contrast enhancement, the separation of the materials

derived from more complex analysis might not have been
fully apparent. Regularly employed contrast-stretching

procedures included either manually or automatically

selected linear stretches, piecewise linear stretches ("table"

stretches), or histogram-normalization procedures, in which

nonlinear transformations produced an output image hav-

ing a histogram that approximated either a Gaussian or a
uniform distribution. Pseudocolor transformations of indi-

vidual raw or derived images (e.g., ratios or classified images)

were also employed. Interactive display was often used to
select appropriate contrast enhancement, particularly in

applying pseudocolor.

A color-enhancement procedure that removes correla-

tion between components was applied to the Landsat MSS

data to produce color composites of bands 4, 5, and 7.

Normally, high correlations among these bands prevent
contrast enhancement of separate channels from achieving

full use of the available color display range. The first step

in solving this problem was to perform a principal compo-

nent rotational transformation (rotational in a multispec-

tral rather than geometric sense) to produce a new set of

component images that were linear combinations of the

original and that were correlated. Next, the images were

contrast enhanced to equalize their variances, normally by

using a Gaussian stretch. Next it was possible to apply a

return multispectral rotation without reintroducing corre-
lation. The resulting images thus show considerably

enhanced color differentiation while not evidencing the

substantial and unpredictable alteration of colors that occurs

in a simple principal component display. To save process-

ing time, the procedure was implemented with three-

dimensional lookup tables computed from a subset of the

image data, thus avoiding the two rotational transformations.

Another standard procedure used extensively in the

analysis of image data was band ratioing and the produc-

tion of color ratio composites. Band ratioing tends to remove

intensity-related correlation and to emphasize spectral dif-

ferences. Production of ratio images, in which the value of

each output sample is proportional to the ratio of two orig-
inal channels, is straightforward. The only significant pro-

cedural consideration is the selection of the proper gain

and offset to scale the output into the available dynamic

range. This scaling was usually performed automatically

by software that accumulates a detailed histogram of ratio

values for a subset of the image, that selects gain and offset

values appropriately (to saturate some small, specified per-

centage of the output histogram at 0 and 255), and that
then produces the full ratio image. For analysis, pseudo-

color density slicing was occasionally performed on individ-

ual ratio images, although, more frequently, three selected

ratio images were composited to produce a color display.
Further contrast enhancement of individual ratio compo-

nents was generally necessary to produce more easily inter-

pretable color composites. The selection of appropriate ratios

to composite was based upon a priori knowledge of the

spectral characteristics of materials of interest. Band ratio-

ing has the advantage of being an unsupervised analysis
technique; that is, examples of materials of interest in the

scene need not be identified to control the process. The

production of color ratio composites is also a dimensional

reduction technique, reducing up to six original spectral

components into one color display.

Another dimensional reduction technique used exten-

sively in the analysis of test site data was the principal

component transformation. This rotational transformation

produces new, artificial component images that are linear

combinations of the original spectral channels. The result-

ing principal component images are uncorrelated (hence,
do not contain "duplicate" information) and can be ranked
in order of their variance. Since the total variance in the
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multi-image set is preserved by the transformation, select-

ing the three highest-variance principal components for color

composite display retains most of the information in the

original multispectral data set. In a typical principal com-
ponent transformation applied to the seven visible and near-

infrared components of an NS-001 image flight line,

95 percent of the original information measured as vari-

ance was retained in the first three transformed compo-

nents. Often, the first component, which generally represents

image intensity, was omitted from the color display and
was replaced by the fourth component.

A principal component transformation is begun by esti-

mating a covariance matrix for the multispectral image.

Then a rotation matrix, consisting of the eigenvectors of
the covariance matrix, is found and applied to produce the

output components. Output image variances are given by

the rotated covariance matrix diagonal entries and are, in

fact, the eigenvalues of the original matrix. The principal

component transformation is an unsupervised technique.

While information compaction does occur, there is no

guarantee that the most significant information, namely that
which discriminates material of interest, will be empha-

sized in the output components. Occasionally, to add an

element of supervision to the process, estimation of the

covariance matrix was confined to regions of the image

containing a greater concentration of materials of interest

to achieve greater separating power in the output

components.

In a related procedure, often termed "canonical analy-

sis," training was used to establish new linear combina-

tions of the original spectral channels that have the improved

ability to differentiate among predefined groups. Training

areas representing the groups of interest are first identified

in the scene, generally through the use of an interactive

display terminal. Next, between groups and within groups,
covariance matrices are estimated using the training sam-

pies. Finally, canonical variable coefficients are deter-

mined from the eigenvectors of a combined version of the

within- and between-groups matrices. Those canonical

variables associated with the greatest eigenvalues show the

greatest degree of separation-of-class means relative to their

variance and hence are color composited for display.

Experience has shown that careful, interactive contrast

enhancement is often necessary to achieve the full separat-

ing potential of a canonical variable composite. This pro-

cedure was applied to test site images in selected cases. The
BMDO7M program of the UCLA biomedical statistical

software package was employed to calculate the canonical
variable coefficients.

A variation of the canonical analysis was also used. This

variation controls the transformation by using selected PFRS

data to provide training. To compute training values,

weighted averages of PFRS reflectance values were com-
puted over the bandpasses of the aircraft scanner to simu-

late the response of the aircraft sensor. Next, a rough attempt
was made to calibrate the aircraft data to convert the data

into reflectance units compatible with PFRS data. This was

done by identifying a light unit and a dark unit in the scene

for which PFRS spectra were available, permitting the cal-

culation and application of a linear-transform function for

each channel. This procedure enabled the application of a

supervised technique without requiring the identification

of training samples in the scene.

Although feature-selection and enhancement proce-
dures, which preserve information quite well, were pre-

ferred, automated classification was used occasionally in

the analysis of test site data. The classification technique

most commonly used was a hybrid of a simple parallel-

epiped technique and a Bayesian algorithm designed to save

processing time. The first step in the procedure is to iden-

tify training areas and accumulate statistics for each group

(normal distributions are assumed for the Bayes algo-

rithm). Then, the hybrid algorithm defines paralIelepipeds
about each class mean whose dimensions are a specified

multiple of the standard deviation of that class. If a

multispectral-image pixel falls within a parallelepiped, it is

a candidate for that class. The Bayes algorithm is used to

decide among the candidate classes. Using the parallel-

epiped algorithm to eliminate some potential classes is the

time-saving feature of the approach. The result of the pro-

gram is an output image whose numerical value at each

pixel indicates the class decision made for that element.
Pseudocolor enhancement was used to produce classifica-

tion map displays.

Geometric transformations were also employed at times

in the image analysis phase. The usual objective was spa-

tial registration, either to another image for combined
analysis or to a map base. A geometric transformation

requires the precise specification of the distortion relation-

ship between the input and output image. Usually for

convenience in resampling, this distortion is speci-

fied in terms of the output image. The geometric-
transformation software used in the test site work controls

the applied distortion by specifying the desired translation

for a regular, sparse array of points in the output image.

The translation for all intermediate points is interpolated

using surrounding elements in the control grid. Unfortu-
nately, in the case of image registration (particularly for

aircraft-scanner data where precise analytic description of

image geometry has been impractical), the desired geomet-
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ric relationship is specified by control points or tiepoints,
well-defined observable features whose locations are found

in both the input image and the target image or map. These

points were found by interactive analysis and are almost

invariably scattered irregularly throughout the image.

Two different approaches were used to determine the

desired displacement at the regular control grid based upon

the measured displacement at the irregular tiepoints. One
method fits a polynomial surface to the tiepoints and then

evaluates the surface at the control grid points. This

approach has the advantage of helping to identify incor-

rectly located tiepoints. The surface is simply evaluated at
the tiepoints; those with high residuals were probably posi-

tioned incorrectly. The second method determines the dis-

placements of the control grid by triangulation using

surrounding tiepoints. This approach has the advantage of

being better able to track irregular distortions.

B. Program Descriptions

1. ASTRTCH2. ASTRTCH2 performs an automatic

linear-contrast stretch on an input picture or generates a

table stretch to produce a picture with a "nearly" uniform

histogram or a "nearly" Gaussian histogram. An optional

linear poststretch can be performed following the auto-
matic linear contrast stretch. The user specifies an area of

the picture to use in generating the histogram. Certain

combinations of the following outputs are available: a

stretched output picture, a stretched masked picture suit-

able for film recorder playback, a stretched Polaroid, a

printer listing of the histogram, and a printer listing of the
cumulative distribution function. The automatic-stretch

computation may be specified to saturate a percent of the
input picture at the low DN range (0 DN) and the high

DN range (255 DN). Alternatively, it may be specified as a

number of different stretches about either the peak or mean

DN of the input picture. The user may optionally subsam-

pie the input picture when generating the initial histogram.

The program ASTRTCH2 generates a frequency distri-

bution (histogram) of the portion of the input picture spec-

ified by the size field or the keyword AREA. A modified

frequency distribution is then constructed by setting the
frequencies of all excluded DN values to zero. These

excluded DN values are specified in the parameter field or

implied by keyword default. The modified frequency dis-

tribution is then analyzed to generate stretch parameters
using the criteria specified in the parameter field. Follow-

ing this procedure, one of the VICAR programs STRETCH

or FOTO is invoked by a "fetch" call, and the stretch is

performed. The final stretch is a composite of the auto-

matic stretch and the poststretch. The EXCLUDE specifi-

cations, except the default, are printed. The mean and

standard deviations of the input picture (before exclusion)

are printed. The mean and standard deviations of the
modified frequency distribution (after exclusion) are printed.

The automatic stretch generated by the program is printed.

Both the stretched picture and the stretched masked pic-

ture contain a label annotation indicating the stretch per-

formed. Also, options exist to print a histogram (DN

frequency distribution) and/or cumulative distribution

function for the input picture.

The program also accepts an alternate input data set, the

histogram of the input picture. This option permits the

program to omit the reading of the input picture to accu-
mulate a histogram. Thus, only one pass through the pic-

ture is required, the pass which actually generates the

stretched output picture. The histogram data set is a stan-

dard VICAR labeled data set consisting of one data record

of 1024 bytes (byte data) or 2048 bytes (halfword data).

2. BAYES. BAYES is a multispectral classifier that uses

the Bayesian maximum-likelihood algorithm. The algo-

rithm implementation is identical to that used in Purdue

University's LARSYS classifier, while the program struc-

ture is rewritten to run under VICAR. Input is multi-

spectral image data and training statistics from the VICAR

program STATS. Output is a classification map and,

optionally, a confidence map.

The input data can be in either separate VICAR data
sets or in MSS format (all multispectral data interleaved

into one VICAR data set). The statistics data set from the

VICAR program STATS is also necessary.

The program assumes there are N spectral bands, and

considers a pixel as an N-dimensional sample vector X. K,

is the covariance matrix computed for training class i and

/a,, the mean of class i. The multivariate probability P, that
X is a member of class i is given by

e, i,- i exp (x - ,, -1(x -

where

IKi [= det (K,)

Since we are interested in only the maximum P over all

classes, it is convenient to compute

Q, = log, (V,) = C, - -_- (X - _,_)'r ;' (X - _,i)
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where

1
C,- 9 [N.]og,(2_)+log, IK,I]

X is then assigned to the class j, for which Q is a maxi-
mum. Furthermore,

= (X -  ,j)*Kj1(X -

Thus, d is simply the number of standard deviations X lies

from #i in a multivariate sense.

To have high confidence represented by a high DN, we

define the confidence that X is correctly classified, h x, by

h_ -- 255 -Zd

where Z is a scaling factor dependent on the parameter

ZERO. Thus, for each pixel in the scene we assign a class

number corresponding to the class to which the pixel most

likely belongs and a confidence value which represents the

likelihood of a correct classification. These output data sets

are referred to as the classification map and the confidence

map.

3. BOXFLT2. BOXFLT2 is a VICAR applications pro-

gram that produces a low-pass filtered output image from

an input image (two-dimensional filter of all weights =

unity). The basic program is essentially the same as VICAR

program BOXFLT, but BOXFLT2 has a faster execution

time and the expanded capabilities of optional high-pass

output and user-controlled image-boundary management.

BOXFLT2 performs a low-pass filter operation by tak-

ing the local mean of all pixels contained within a pre-

scribed window of NLW-by-NSW dimensions (the number

of lines in the weight matrix by the number of samples in

the weight matrix) centered at each pixel of the input image.

This mean then replaces the input value. If the high-pass

operation is specified, then the difference between the input

and the local mean plus a constant replaces the input value.
The low-pass output is equivalent to that given by the

VICAR program BOXFLT, and the high-pass output is
equivalent to that given by the VICAR program FASTFIL2.

The advantages of using BOXFLT2 over either BOXFLT

or FASTFIL2 are that the size of the filter window or image
size (as in the case of BOXFLT) is not restricted and that

no intermediate data sets are required (as in the case of

FASTFIL2). Also, the execution of BOXFLT2 is quicker
than for either BOXFLT or FASTFIL2. The main advan-

tage of FASTFIL2 is its ingenious no-ring algorithm and

its ability to produce "scene-dependent" results based on
the local mean.

4. CI30RECX. The program CI30RECX removes the

panorama distortion from images acquired by scanners that

employ constant angular sampling. C130RECX can com-

pensate for a field of view not centered at nadir and can

adjust the aspect ratio.

5. DS4. The program DS4 attempts to remove six-line

striping from Landsat MSS images by performing local-

ized histogram matching of the six sensors.

The input picture is considered to be subdivided into

contiguous sets of six lines each. The starting line of a given

set is determined by the reference sensor number such that
the reference sensor becomes the third line within the set.

For example, if the reference sensor were chosen to be 5,

then the starting line of the first set would be 3 and that of
the second set would be 9, and so on. Note that the line

numbers above refer to the image given by the VICAR

size field. That is, if a subarea is specified, then line 5 above
refers to the fifth line of the subarea.

To initiate the matching process, the cumulative distri-

bution functions (CDFs) for each sensor are compiled using

the first group of sets (i.e., the first N2 sets). The reference

CDF is that of the specified reference sensor. If the param-

eter AVERAGE is specified, the reference CDF is taken to

be the average of all 6 sensor CDFs. If the parameters

FILTER, FI ..... FN are specified, then the reference CDF

is low-pass filtered using the integer weights F l ..... FN. The
CDF of each sensor is matched to that of the reference

CDF, and corresponding transfer tables are generated.
The first [(N2 - !)/2] + l sets plus any lines skipped over

at the beginning (see the preceding paragraph) are then

transformed using the generated transfer table.

Subsequent sets are transformed in the following manner:

(1) The CDFs of the sensors of the first set in the group
are subtracted out of the group sensor CDFs.

(2) The CDFs of the sensors in the first set following the

group are added to the group sensor CDFs.

(3) The transfer tables are generated as before.

(4) The middle set of the updated group is transformed.

This process continues until the last set of the image has

been included in a group. Then the middle set of the group,

all sets following it, and any lines after the last set are
transformed.
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The parameters AVERAGE and RSEN (reference

sensor) are not mutually exclusive. While the parameter
AVERAGE will override RSEN in terms of how the refer-

ence CDF is generated (i.e., from one sensor or from an
average of all six sensors), the parameter RSEN can be

used to define which lines compose the first set of lines and

hence all subsequent sets of lines.

6. DSTRETCH. DSTRETCH forces more color into a

multispectral scene by removing interband correlation. Both
linear- and Gaussian-variance equalization are available.

Correlation between bands is what makes color

enhancement difficult. Individual enhancement of the

components does not reduce the correlation. The principal

component rotation (as implemented in EIGEN,XFORM)

does produce a set of uncorrelated components that can be

contrast enhanced separately to produce a full range of color.

However, when color composited, a principal component
scene will bear no color relationship to the original.

This problem is solved in DSTRETCH by performing

an inverse rotation after contrast enhancement of the prin-

cipal components. If the variances of the principal compo-

nents are equalized, any further rotation can be performed

without reintroducing correlation. Using the inverse prin-

ciple component rotation restores original color relationships.

To apply this procedure to a general n-dimensional
problem, EIGEN,XFORM and ASTRTCH2 can be used,

with a minimum of two passes required. DSTRETCH offers

a three-dimensional implementation that saves consider-

able time by not actually performing the rotations. Three,

three-dimensional, 5-bit lookup tables are calculated and

then are used to enhance the full scene. An automatic pre-
stretch of the inputs and a "city block" interpolation algo-

rithm on the low-order bits combine to preserve reasonable

intensity resolution.

7. EIGEN. The program EIGEN will compute the prin-

cipal component transformation matrix for up to 12 input
channels. The covariance matrix, the transformation matrix

of eigenvectors, and the eigenvalues are printed. EIGEN

will fetch XFORM to perform the transformation. EIGEN
will also compute the eigenvectors for multivariate data

input via the parameters.

The measure of interdimensional correlation in a multi-

variate system is usually defined by the covariance matrix
of the multivariate data. The linear transformation that

diagonalizes the covariance matrix can also be applied to

the original data to produce a multivariate system with an
interdimensional correlation of zero, i.e., completely

uncorrelated multivariate data. The linear transformation

that accomplishes this is the matrix of eigenvectors or
characteristic vectors.

A common application of this transformation is to reduce

the dimensionability of a multivariate system. The objec-
tive is to summarize most of the variance, or information

content, in a system with fewer "artificial" variates, i.e.,

principal components. Effectively, uncorrelating the sys-

tem compresses most of the information into a system with

lower dimensionality.

Assuming an n-variate system (n channels of data), the

program lets K represent the n-by-n covariance matrix of
these data, and lets A represent the matrix of eigenvectors

of K. Associated with each eigenvector Aj, there is an

eigenvalue or characteristic root, ej. IfA r= (a _j,a2j, .... a,,)
is the eigenvector corresponding to the jth largest eigen-
value and ifX = (x,x_ .... x,)is the n-variateobservation

(n-dimensional pixel), then thejth principal component of
the observation is

v, : A 'X =  a,jx,
i=I

NOTE: The jth eigenvalue is actually the variance in the

jth principal component dimension. Therefore the
eigenvalues are useful as a measure of the information

that can be expected in the output pictures.

8. F2, The program F2 allows general arithmetic opera-

tions to be performed on one or two input images in either

byte, halfword, or (mixed) byte-halfword input/output. The

arithmetic operation is specified by a FORTRAN-like
expression, which can include the following operators:

+ - * / ** unary-
SQRT ALOG ALOG 10 ABS AINT (INT)

SIN COS TAN ASIN ACOS ATAN ATAN2

AMAXI (MAX) AMINI (MIN) AMOD (MOD)
.AND..OR..XOR..NOT.

.LT. .LE. .EQ. .NE. .GT. .GE.

Operands to F2 can be integers, floating-point numbers,
IN l, IN2, LINE, and SAMP. F2 can operate on zero inputs

to generate an output using the operands LINE and SAMP.

F2 performs arithmetic operations on image files. The

program uses two library routines, KNUTH and XKNUTH,

to compile and interpret FORTRAN-like expressions
entered by the parameters in a FORTRAN expression such

as the following:
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((IN l + [N2)*AINT(ALOG 10(IN 1.IN2..2))

+3.14 + INI/22) + 4*(LINE.EQ.SAMP)

IN I is an element from the first file, and IN2 is the corre-

sponding element from the second file. KNUTH compiles

the expression into machine instructions. The expression is

applied to the input from each file in XKNUTH to pro-

duce the output picture.

When performing arithmetic, F2 converts all integer

operands to reals and executes single-precision floating

computation. The exceptions are .AND., .OR., .XOR., and

.NOT., which operate on the binary equivalent of the trun-
cated floating number. The result is converted back to inte-

ger by truncation. When produced, the logical values "true"

and "false" are interpreted as 1 and 0, respectively.

To conserve time, repetitive executions of F2 with the

same variable are stored as a lookup table. When both input

and output are byte data, the table is constructed as a straight
lookup table, initialized with every possible combination

of IN I and IN2 from 1 to 256. The table is referenced by

indexing the array using the concatenation of IN i and IN2
to create an index number to the vector table. The table is

dimensioned 65,536 to accommodate any possible combi-

nation of 256 by 256.

When either the input or output is halfword data, a

hashing table is constructed. The equation is then executed

each time it encounters a unique combination of INI and
IN2. A key points to the storage location of the results of

XKNUTH. The key is then determined from the remain-

der obtained by concatenating the two variables and divid-

ing by 10,921. In each case, the key must be checked for a
match of the concatenation of IN 1 and IN2 that was stored.

If no key is found, a solution is calculated and a result of
XKNUTH and concatenation of IN I and IN2 are stored.

When the key points to an erroneous combination of INI

and IN2, the new values and the new key are stored. If the
operands LINE or SAMP are used, no table is used; the

formula is evaluated at every pixel.

9. FASTCLAS. FASTCLAS is a multispectral classifier

using an algorithm that combines the parallelepiped and

Bayesian techniques. Inputs are registered multispectral data

and training statistics from the VICAR program STATS.

The input multispectral data can be either in separate
VICAR data sets or in MSS format.

FASTCLAS uses a combination of the parallelepiped
algorithm and the Bayesian maximum likelihood algo-

rithm for classifying multispectral data. It assumes that N

spectral bands are available and that training statistics from

the VICAR program STATS have been computed. FAST-

CLAS reads the statistics data set and generates a lookup
table to hold the boundaries in the N-dimensional decision

space for each class. For each dimension (band) the deci-

sion boundary is _ +_Ro where _t is the mean for the class, o
the standard deviation, and R the number of standard

deviations to be used. This is the parallelepiped algorithm.

To be assigned to class J (DN .... = J), the spectral signa-

ture of a pixel must fall within the N-dimensional decision

boundary for class J. If the spectral signature falls outside

the decision boundary for all classes, the pixel is assigned

to the unknown class (DN .... = 0). A pixel whose spectral

signature fails within the decision boundary for more than

one class is considered ambiguous. The user has the option

of resolving the ambiguity by using the Bayesian maxi-
mum likelihood algorithm or leaving the pixei ambiguous

(DN .... = 255).

If the keyword CHECK is given, the Bayesian confi-

dence value is computed for each pixel after it is classified.

If the spectral signature of the pixel is outside the multi-

variate confidence interval, the pixel is reclassified as
unknown.

The order in which the spectral bands are input to

FASTCLAS is important. Since the lookup table uses a

process of elimination, bands that give the best spectral

separation between classes should be given first. If the

spectral data are in MSS format, the order is controlled by

the parameter USE.

10. FFTI. FFT1 is a VICAR applications program that

computes the forward and inverse complex Fourier trans-
form on a line-by-line basis. Used in conjunction with

FFT1PIX, FFT1 provides a versatile one-dimensional fil-

tering technique.

In the forward mode, FFT! computes the Fourier trans-

form of the input picture, line by line, using the fast Four-
ier transform subroutine FFT. The transform, which is

complex, is written on the output data set (8 bytes/sample).

The number of input samples should be an integral power

of 2. If not, FFTI will fill with zeros to make the input the

next higher integral power of 2.

In the inverse mode, FFT! computes the inverse Fourier

transform of the input data set, which will now be com-

plex*8, and outputs a byte data set.

11, FFTIPIX. FFTIPIX is a VICAR applications pro-
gram that works in conjunction with FFT1 to allow the

user to display and/or modify the Fourier transform using
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existing VICAR programs. The procedure is similar to that
used in FFT2, FFTPIC, and TPIKMASK but does not

require that the terms of the transform be either set to zero

or left unchanged. In the forward mode, the input to
FFTIPIX is the complex Fourier transform from FFTI.

The output can be an amplitude picture and/or a phase

picture of the transform. Those can then be modified to

the user's needs and reinput to FFTIPIX in the reverse
mode. The Fourier transform is then modified in accor-

dance to the changes made to the amplitude and/or phase

pictures.

If zk = a_ + ib k is the kth term of the Fourier series of a

given line, the amplitude of this term is IZl and the phase

angle O, -- tan -_ (bk/ak). Then the DN of the kth sample

in the amplitude picture equals P.IZ I where P is a scaling
factor. If the LOG option is used, DN = P.log e (]ZI). P is

determined by the normalization options used.

Similarly the DN of the phase picture equals q.O, + s
where q and s are scaling factors. If NO SIGN is requested,

DN = q. IOkl + s. If both are requested, then the ampli-

tude and phase pictures are written out on the primary and

secondary output data sets. If requested, amplitudes are

plotted. This provides a means of accurately locating noise

spikes in the transform. The user may then modify the

amplitude or phase picture using existing VICAR pro-

grams. Noise spikes may be QSARed out of the amplitude

picture, for example.

The modified amplitude and phase pictures are then

reinput to FFTIPIX in the reverse mode. The complex*8

transform data set remains as the primary input, the modi-

fied amplitude picture as the secondary input, and the

modified phase picture as the third input. If the amplitude

or phase picture is not modified, then it need not be rein-

put to FFT1PIX. Each term of the original transform is
compared to its appropriate term of the modified ampli-

tude and phase pictures. If the amplitude differs, the term

is recomputed to match that of the amplitude picture with

phase angle preserved. If the phase angle differs from the

phase picture, the term is recomputed to match the new

phase angle, amplitude preserved. Thus, the user has con-
trol over each term of the transform.

If CONJ is not specified in the reverse mode, the com-

plex conjugate of a term is automatically modified in the

identical manner to its conjugate term. The output is com-

plex data in an 8-byte format containing the Fourier trans-
form after modifications have been made to it. If requested,

a plot is made of the transform after modification. The

modified transform is then ready to be input to FFTI in

inverse mode to produce the image.

12. FFT22. FFT22 performs a two-dimensional Fourier

transform on a VICAR-format data set residing on disk.

FFT22 has a maximum transform size of 2048 by 2048 and

the ability to process input and output as byte, halfword,

fullword (floating or integer), or complex-floating data.

The program makes one of the two following

computations:

The forward transform,

M-1 N-1

m=O I_=0

for k=0,1 ..... M-1 and 1=0,1 .... , M-l; or the

inverse transform,

M- I ,¥- I

k=O 1=0

for m=0,1 .... , M-1 and n=0,1 .... , N-1 where

M is the smallest power of 2 greater than the number of

lines and N is the smallest power of 2 greater than the
number of samples.

In the case of the forward transform, Zm_ represents the

input data value at line m + 1, sample n + 1. (The VICAR

convention is to count lines from the top down starting with

1 and to count samples from left to right starting with 1.)

In this case also, the forward transform represents the out-

put Fourier transform value stored at line / + 1, sample

k + 1. The inverse transform represents the input data

value at line I + 1, sample k + 1, and Zm, represents the

output Fourier transform value stored at line m + 1,

sample n + 1.

Thus, the output of the program is stored in transposed

format, in the matrix sense. Storing the program output in

transposed format is responsible for faster program execu-

tion. When a forward and inverse transform are performed
in sequence, the two transpositions cancel out and have no

net effect. However, the user must be aware of the transpo-

sition when working directly with transformed data. For

example, when filtering by multiplication with a transfer

function, the user must first transpose the transfer function

(unless it is transpose-invariant).

13. FFTFIT. FFTFIT is a VICAR applications program

that modifies a complex Fourier transform created by the
VICAR program FFT22. There are two modifications:

(1) The complex Fourier transform is multiplied by an

input picture.
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(2) The amplitude of the complex Fourier transform is

made proportional to an input picture. The phase is
not altered.

FFTFIT can be used to force pictures to have identical

power spectra and can provide for the execution of detailed
filters.

FFTFIT allows two modes: The first mode forces the

amplitude of the Fourier Transform (FT) to be a scaled

replica of a picture (PIX):

[FTo,,t [_j ocDN_j

FToutii = FT_i" R1 "--
DN_i

[FTIi_

DN_j A,._r

- FTis DN,.,.f [FT[_

where RI is the scaling factor Aree/DN_ef and IFTI repre-

sents amplitude

= [a + ib]

where Are f and DNr_ r are a reference amplitude for the FT,

and a reference DN (brightness) for the picture, respec-
tively. These values are generally estimates of the mean

amplitude and brightness. The second mode multiplies the
FT by PIX:

FTo,tij = FTii. RI" DNij = FTij" DNi-------L
DN,._t

In both cases the DC term of FT is set apart from the

transformation and is never altered. Whatever the result,

the mean of the inverse transform of FTou , is always the

same as that of the original picture whose transform is FT.

The keywords LINE and SAMPLE are significant. These

values point to the pixel in PIX that will be centered on the

DC term (1,1) in the FT picture. In the majority of cases
PIX will be a symmetrical function, such as a Gaussian.

LINE and SAMPLE will usually refer to the center of

symmetry of this function. When this is the case, FFTFIT

will be able to divide PIX into symmetrical quadrants and

match them to the complex format of FT (with DC in the
corners). If the keywords LINE,SAMPLE do not refer to a

symmetry point, FTou , will be asymmetrical, and the inverse

transform will produce the real part of a complex picture

(if PIX is asymmetrical) or a displaced image (if PIX is
symmetrical but just off center).

FT can be created with either FFT2 or FFT22. DC

remains the same for both complex formats, but the latter

has been transposed relative to the former (rows become

columns). FFTFIT assumes the user has organized PIX such

that it is compatible with the appropriate FT formats.
Symmetrical cases are invariant. One can convert PIX from
one format to the other with two executions of FLOT.

When the inverse transform is made (particularly in the

amplitude matching mode), the output picture should be
halfword. Most operations will cause some DNs to lie out-

side the byte range, but halfword formatting allows access

to these pixels.

14. FFTPIC. The VICAR applications program FFTPIC

processes input VICAR-formatted complex Fourier trans-
forms or complex pictures, extracting, reorganizing, and

automatically scaling various functions of the complex data

for image display. Available functions of the complex input

include amplitude, intensity (squared amplitude), phase

(with or without sign), real part, and imaginary part. Lin-

ear or logarithmical scaling prior to output exists for all

functions except phase.

NOTE: The input transform format is assumed to be the

equivalent of that produced by the two-dimensional fast

Fourier transform program, FFT2.

The input data set is assumed to be a VICAR-formatted

complex*8 matrix with a system label specifying the num-

ber of bytes per record (8 times the number of complex
samples) and the number of records in the matrix.

In the transform-display mode, the number of complex

samples and the number of lines must be a power of two,

and the data (spatial frequency components) must be orga-

nized as required in FFT2. The picture size to be processed

is derived from the system label, so the size field is ignored.
The output system label is automatically updated based on

the operating mode and input size.

Depending on the mode specified, the complex input data

are then processed into one (complex picture-display mode)
or two (transform-display mode) intermediate data sets.

During this processing, the specific display function of the

complex input is generated, scaled, and stored as real*4

data. In the complex-picture mode, the entire input is pro-

cessed uniformly into one intermediate data set. Hence, only

one secondary input is required. On the other hand, in the

transform-display mode, the input conjugate symmetry is

used to divide the display into halves which may have dis-
play types specified independently. Hence, two secondary

inputs are required. In the transform mode only the-left-

half-plus-one samples are processed.
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In order to efficiently scale and pack the resulting data

into byte format, a logarithmic histogram is accumulated

for the entire input. Then the histogram is analyzed to
determine a linear transformation on the intermediate data

for packing into the output. For phase-information dis-

plays, the packing transformation is predefined between

- pi and + pi or 0 and + pi, depending on whether SIGN

has or has not been specified, respectively.

If the two halves of the transform display are in the same

mode, the output display exhibits conjugate central sym-
metry with spatial frequency. DC (i.e., (0,0) spatial fre-

quency) is located at line (NY/2 + 1) and sample (NX/

2 + 2). Positive and negative horizontal spatial frequency

components are positioned to the right and left of this point,

respectively, along a horizontal axis. Similarly, positive and

negative vertical frequency components are located above

and below this point along a vertical axis.

If the two halves are in different modes, the display is

organized by the spatial frequency component symmetri-

cally about the vertical line with sample coordinate (NX/

2 + 1.5). Therefore, DC for the right half is at line (NY/

2 + I) and sample (NX/2 + 2), while DC for the left half

is at line (NY/2 + 1) and sample (NX/2 + 1). Positive and

negative vertical spatial frequencies are located above and

below these DC points, respectively, for each half of the
display along vertical axes. Positive horizontal spatial fre-

quency increases to the fight for the right-hand display and

to the left for the left-hand display along a horizontal axis

through these points. Negative horizontal spatial fre-

quency components are not explicitly displayed in this case.

The scaling applied to both halves is the same (determined

from the composite histogram) except if one half is phase
and the other is amplitude (or another nonphase display).

In this case, the predefined phase scaling is used on the

appropriate half and that derived from the histogram on
the other.

15. FILTER. FILTER is a VICAR applications pro-

gram that performs two-dimensional convolution filtering.
For each output sample, the program computes a weighted

average of a rectangular set of input pixels followed by a

linear transformation. FILTER may be used to perform

high-pass (correction for blurring) or low-pass (removal of

glare) filtering.

Before FILTER can be used, a proper set of weights must

be generated for the sensor system that acquired the image.

These weights are usually generated by the filter weight

generator program (VICAR program WTGEN).

FILTER accepts as input a rectangular set of weights

and calculates each output point FP(L, S) as follows:

B • TPL,(L_
FP(L. S) = A +

where

NbW NSW

and where

p ___

W=

NLW =

NSW =

A,B---
D --

NLW + 1 NSW + 1 \
2 +i,S 2 +i )

)< W(i,j)

input data set

weight matrix

number of lines in the weight matrix
number of samples in the weight matrix

two scale inputs

parameter for scaling

16. FLOT. FLOT is a VICAR applications program for

rotating a picture 90 ° (clockwise or counterclockwise) and
for flipping a picture either along its horizontal or vertical
axis.

If CLOCKWISE is specified, the input picture is rotated

90 ° clockwise. If COUNTERCLOCKWISE is specified, the

input picture is rotated 90 ° counterclockwise. If HORI-

ZONTAL is specified, the input picture is reflected through

its vertical axis. If VERTICAL is specified, the picture is

reflected through its horizontal axis. HALF is specified if
the input data set is in halfword format.

17. FORGRE, FORGRE is a VICAR applications pro-
gram written for the Viking Lander 1976 project. The pur-

pose of FORGRE is to reformat VICAR-formatted images

for playback on the Viking Ground Reconstruction Equip-

ment (GRE) playback device. Playback may be performed
in either color or black-and-white mode. The use of

FORGRE is not restricted to Viking Lander images

The GRE utilizes extremely accurate machinery, and

playback is performed with laser light. The software inter-
face for the GRE accepts 8-bit data with a maximum num-

ber of 4800 pixels per line (3250 for color) and a maximum

number of 9600 lines per picture at l-rail spacing. The

2-rail, 4-rail, and 8-rail spacings are also available with

proportionately smaller maximum line and sample sizes. If
the line count is greater than these values, the hardware
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truncates the bottom of the picture. The output of FORGRE

may be in two basic formats as shown in Figure 14-7.

18. GEOM and LGEOM. GEOM and LGEOM are

VICAR applications programs that make geometric changes

in pictures. They can be used for correcting geometric dis-

tortion, increasing picture size, and reducing picture size.

GEOM should be used when each output line is computed

from a small number of input lines; LGEOM should be

used when each output line is computed from a large num-
ber of input lines since LGEOM is a two-pass GEOM that

does not require rereading individual lines. LGEOM

requires an intermediate data set, which should be on a

different disk than either the input or output. The input

data set for GEOM should always be on disk.

In both programs, the user specifies the desired changes

by defining rectangles in the corrected output picture and

the displacements in lines and samples from equivalent
rectangles in the input picture.

19. GEOMA. GEOMA performs geometric transforma-

tions on images according to parameters supplied by the
user. Its function is similar to GEOM and LGEOM. (GEOM

and LGEOM are functionally identical, differing only in

algorithm and speed.) In each of the three programs, the
picture to be geometrically transformed is subdivided into

a number of quadrilaterals. The user must specify the exact

mapping from input picture to transformed picture for each

(a)

(B/W) I E I PICTURE DATA I
40 512

BYTES

(COLOR) [ El BLUE I E [ GREEN [ EI RED [
40 512 40 512 40 512

BYTES

WHERE E REFERS TO FORTY BYTES OF ENGINEERING
DATA

(b)

(B/W) I PICTURE DATA l
NUMBER OF

SAMPLES, BYTES

(COLOR) I BLUE I GREEN I RED I

NUMBER OF SAMPLES. BYTES

Figure 14o7.FORGREoutput in two basic formats:(a) old format
(6-bit data); (b) default format (8-bit data)

corner point of each quadrilateral. Within the quadrilater-

als, the programs use a bilinear interpolation to map the

interior points from input picture to transformed picture.

The GEOM and LGEOM programs restrict the specifica-

tion of the mapping of the quadrilateral corners (control

points) such that, in the transformed (output) picture, they

form rectangles whose sides are parallel to the picture edges
and have integral line and sample coordinates. The GEOMA

program does not impose this restriction and allows more

arbitrary specification of the control point mapping. In fact,

two of the four control points forming the corners of any

given quadrilateral may coincide, causing the quadrilateral

to degenerate into a triangle (a quadrilateral having one

side of zero length).

An additional difference from the GEOM/LGEOM

programs is the way the parameters in GEOMA are used

to specify the mapping of the control points: The user
specifies the line-sample coordinates of the control points

in the input and output pictures. In GEOM and LGEOM,

the user specifies the line-sample coordinates in the out-

put picture and the differences between corresponding input

and output picture control point coordinates. GEOMA

eliminates the computing of the differences when the actual
coordinates are known.

Except for the differences discussed above, the internal

algorithm of GEOMA is very similar to that of GEOM. In

particular, GEOMA will be very slow under the same cir-
cumstances that GEOM would be slow.

As with GEOM and LGEOM, GEOMA will accept its
control parameters on a data set instead of or in addition

to the conventional VICAR parameters.

The size of the output picture is specified by the VICAR

size field or, by default, is the size of the input picture.

GEOMA computes the DN value of each pixel in the out-

put picture as follows. First, the program determines within
which quadrilateral area in the output picture the pixel lies.

The coordinates of the four control points defining that

quadrilateral in the output picture are called x(j), y(j), where

j = i,2,3,4. In the input picture, they are called x' (j),

y' (j), wherej = 1,2,3,4 (x may be considered the line

coordinate and y the sample, although they could as well
be reversed for this discussion). The values of all 16 of these

numbers are part of the control parameters for GEOMA.

A transformation is defined by

x' = ax + by+ cx), + d

v' = ex + fi, + gxv + h
(14-16)
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where the values of the coefficients a,b ..... h are deter-

mined by requiring that

x'tj) : ax(d) + by(j) + cxq)ytj) + d

y'(j) = ex(j) + ffl(j) + gx(j)y(j) + h
(14-17)

for j = 1,2,3,4. This is the condition that the defined

transformation exactly maps the control point coordinates
as specified by the parameters.

The transformation is used to transform the line-sample

coordinates of the output picture pixel being processed into

its corresponding coordinates in the input picture. In gen-

eral, although the output coordinates are always integers,

the input coordinates are not, so the input coordinates do

not correspond to any one pixel but, instead, fall between

the input pixels as shown in Figure 14-8. If intensity inter-
polation is not to be performed, as specified by the appro-

priate keyword parameter, then the DN value assigned to

the output pixel is that of the pixel in the input picture
nearest the transformed coordinates. The use of this mode

considerably reduces the CPU time required by GEOMA.

The quality of the result is in general degraded but

may be quite acceptable, depending on the nature of the
transformation.

Assuming interpolation is to be performed to compute

the DN value of the output picture, the four pixels nearest

the transformed coordinates in the input picture are selected.

The interpolation formula is

DN = px' + qf + rx'y' + s (14-18)

where x' and y' are the transformed coordinates of the out-

put picture pixel, DN is the data number to be assigned to

the output pixel, and p, q, r, and s are constants chosen
such that

DN(k)= px'(k) + qy'(k) + rx'(k)y'(k) + s (14-19)

for k = 1,2,3,4, where x'(k),y'(k), and DN (k),
k = 1,2,3,4, are the coordinates and DN values of the four

selected input pixels nearest the transformed coordinates.

INPUT PICTURE OUTPUT PICTURE

• • TRANSFORMATION

XP X -_'- X
• • • • • • • •

Figure 14-8. Transformation of line-sample coordinates

to number the rows sequentially from top to bottom and

the columns from left to right. Quadrilaterals used by the

program for performing the geometric transformation are

formed by connecting each tiepoint to the adjacent tie-

points in the same column and in the same row. None of

these quadrilaterals should be concave (no interior angle
of any quadrilateral should be greater than 180°). In addi-

tion, each tiepoint should be below any tiepoint in its col-

umn and in any preceding row, and above any tiepoint in

its column in any subsequent row. Similarly, each tiepoint

should be to the right of any tiepoint in its row and in a

preceding column, and to the left of any tiepoint in its row

and in a subsequent column. The number of vertical areas

is the number of rows of tiepoints less 1, and the number of

horizontal areas is the number of columns of tiepoints less
1. Figure 14-9 shows a valid array of tiepoints and the

quadrilaterals that they define. The numbering of the tie-

points shows the order in which they would be specified

following the TIEPOINTS parameter.

The following caution is issued to potential users of

GEOMA. Although the transformation in Eq. (14-16) is
very well behaved within the quadrilateral in which it

applies, there is no assurance that it is continuous across

the boundary between adjacent quadrilaterals, unless the

boundary is precisely vertical or horizontal. The degree of

discontinuity depends on the details of the tiepoint specifi-

cations. In some cases, the discontinuity may be so small
that the transformed picture has no visible defect, but in

others it may be quite visible.

1 4

For GEOMA to work properly, the tiepoint coordinates

in the output picture must satisfy certain constraints. They

must be organizable into a rectangular matrix of points.

That is, each tiepoint must belong to one row and one col-

umn of points; each row must have the same number of

points as every other row; and each column must have the

same number as every other column. It should be possible

5

I0

12

9

Figure 14-9. Sample quadrilateral tlepoint array (3 horizontal areas,

2 vertical areas)
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The user has two choices to minimize the discontinuity:

to carefully choose the transformation to minimize the dis-

continuities, or to specify the tiepoints in such a way that

the quadrilaterals degenerate into triangles. A quadrilat-

eral degenerates into a triangle if two adjacent tiepoints

defining it have the same coordinates; the user can specify

the coordinates in such a way that all quadrilaterals degen-

erate into triangles. Figure 14-10 shows a sample array of

tiepoints satisfying this condition. When an area is a trian-

gle, the cross terms in Eq. (14-16) are eliminated and the
transformation becomes

x'=ax+by+d
)I -_ ex + fy + h (14-20)

where the values of the coefficients are determined by

requiring that

x'(/') = ax(j) + by(j) + d
)f(j) = ex(j) + f.y(/') + h (14-21)

forj = 1,2,3. The values ofj designate the three distinct

tiepoints defining the triangle. Because Eq. (14-20) is lin-

ear, the transformation is guaranteed to be continuous at

the triangle boundaries; discontinuities in the output pic-
ture cannot occur.

There is a question about how to transform picture sam-

ples that fall outside all the quadrilaterals defined by

parameters. One answer is to avoid this situation by speci-
fying the control point locations so that every sample in

the output picture falls within some quadrilateral. This

requires some control points to fall exactly on or outside

the border of the output picture. The program is not affected

in any way by using control points outside the picture.

If some picture samples do fall outside the defined

quadrilaterals, the program will process each such sample

by assigning it to a nearby quadrilateral. This is done by

"extending" the boundaries of all "edge" quadrilaterals to
the picture borders. The user should understand that the

algorithm can lead to discontinuities in the processed pic-
ture in the regions outside the defined quadrilaterals, even

when the control areas are triangles.

20. GRADREM. Wide-angle aircraft scanners often

exhibit large, systematic and nonlinear artificial brightness

gradients along scan lines. GRADREM seeks to remove

these gradients by finding the ratio of the input picture to
an estimate of the gradient upon a flat field.

The user selects a region of the picture where differences

in brightness are believed to be predominantly artificial.

The lines in this region are averaged to produce a "stan-

dard" DN level at each sample. If requested, a box filter is

used to smooth the standard DN function. Each pixel is

then divided by its appropriate standard DN, and the

specified gains and offsets applied. Floating-point arithme-

tic is used throughout.

21. IDISPLAY. IDISPLAY is a general purpose inter-

active display program that allows the black-and-white,

color, and pseudocolor display of VICAR data sets. In

addition, some basic graphics operations are available. Quick

contrast stretching is performed in IDISPLAY by comput-

ing a transfer-function table and loading it into the video-
hardware lookup table. The internal transfer function may

be output to a disk data set and used later in batch opera-

tions. Input data sets to IDISPLAY may be in byte, half-

word, fullword, integer, or real format.

1,2 3,4 5,6

16

25 23,24

32

33,34 35,36 37,38 39,40

Figure 14-10. Sample triangular llepoint array (7 horizontal areas,

4 vertical areas)

The basic philosophy behind IDISPLAY is that it is user

oriented but, at the same time, general purpose and device

independent. Satisfying these criteria is difficult unless some
assumptions are made. For color work, IDISPLAY assumes

that for the video and graphics device, the IDs are ordered

RED, GREEN, BLUE. It is the user's responsibility to

ensure this either at logon or through the use of the SET
command within IDISPLAY. Thereafter, the user can refer

to color planes by name-RED, GREEN, and BLUE.

IDISPLAY contains a separate transfer-function table

for each of the color planes. In addition, a pseudocolor

table is available. Pseudocolor is produced by assigning a

color to each shade of gray. In the pseudocolor mode, the

hardware lookup table is loaded with the composite of the

transfer-function table and the pseudocolor table.
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A histogram is acquired for an area whenever it is dis-

played. An ACQUIRE command allows the user to acquire

a histogram independent of the display. In the color mode,

three histograms are acquired, one for each video plane.

IDISPLAY simplifies color work by assuming that, in

the color or pseudocolor mode, all requested operations

are to be performed on all three color planes at once. The
user can suppress this feature by qualifying the command

with the explicit statement of the name of the plane to be

operated upon.

IDISPLAY can be executed in batch. If parameters are

provided in the parameter field of the EXEC statement,
IDISPLAY assumes it is operating in the batch mode.

22. LAVE. LAVE calculates averages of an array in either
the horizontal or vertical direction. LAVE can be used to

obtain quantitative values for horizontal or vertical peri-

odic noises. An example would be the measure of horizon-

tal noise introduced through video scanning. The output of

LAVE can be plotted using the VICAR program QPLOT.

23. LIBEXEC. LIBEXEC is an interactive executive

program designed to facilitate the task of digital image

processing. Under LIBEXEC, the user at an interactive

terminal may enter commands to perform three basic tasks:

(1) Locating image or nonimage data sets on disk or tape.

(2) Executing a VICAR program; with disk or tape, data
inputs and parameters are set that direct the pro-

gram's execution.

(3) Saving on disk or tape the output data sets of the

VICAR program execution.

LIBEXEC is independent of installation-specific hard-
ware devices. The interface between LIBEXEC and such

devices is performed by special-purpose VICAR programs.

LIBEXEC operates as a command processor under TSO
(Table 14-10).

24. LIST. LIST is a VICAR applications program that

gives a decimal printout of a picture or portions of a pic-

ture and produces histograms of the printed areas. Either

the printout or histogram may be suppressed. Picture data

may be 6-bit, 8-bit, or halfword. Line and sample incre-

ments may be other than one.

25. LOOKUP. LOOKUP reassigns the DNs in a VICAR

data set based upon the contents of a multichannel lookup

table. This table will typically have been created by another

Table 14-10. LIBEXEC commands

Command Function

Information

FILE

LOCATE

LOG

PROCLIB

PROJECT

Data Set

ALLOC

DELETE

FIND

PARA M S

SAVE

TAPE

Execution

EXEC

EXIT

CALL

TESTEXEC

Procedure

EDIT

PRO M PT

PDELETE

TTM

TSO

Presents file, data set name, volume, and
status of one or all allocated files.

Locates a data set name in the OS catalog
and prints device and volume.

Makes a data set entry into the local library
support file.

Establishes a new default for the procedure
library name.

Establishes a new default project code.

Allocates a new disk data set.

Deletes a permanent or temporary disk
data set.

Allocates an already existing disk da_a set.

Allocates a parameter data set.

Changes the status of a data set from

temporary to permanent and permits
renaming.

Asks for a tape volume to be mounted on
an available device.

Executes a VICAR program.

Terminates a LIBEXEC session.

Invokes a procedure of LIBEXEC
commands.

Allows use of the TEST command in

debugging a VICAR program.

Al/ows creation of a new procedure of
LIBEXEC commands in the user's

personal procedure library or allows the
modification of an existing procedure.

Allows prompting for procedure
parameters while the procedure is
executing. A command that can be
included only in a procedure.

Deletes a procedure from the procedure
librau.

Denotes the appearance of a TTM string
(here, TTM is not a keyword). A standard

TTM string that may be included only
within a procedure. TTM is macro

language.

Allows invocation of any TSO command,
except TEST, from LIBEXEC.

VICAR program, IDISPLAY for example, but may be cre-
ated or modified at the time LOOKUP is executed. The

table is passed to LOOKUP via an input data set. Each

table may hold up to four independent channels, i.e., four
transfer functions.

LOOKUP is useful for creating, in batch VICAR, the

same operations that were performed in an IDISPLAY
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session. LOOKUP also simplifies the production of pseu-

docolor pictures in batch.

A lookup table is made up of four independent chan-

nels. Each channel defines a mapping or discrete transfer

function to be applied to an input picture. One or more of

these channels may be undefined, depending upon the

application. For example, IDISPLAY loads only the first
channel when in the black-and-white mode and the first

three channels when in color or pseudocolor mode. The

lookup table is limited to four channels because VICAR

allows a maximum of four output data sets.

The channels that are to be used by LOOKUP can be

controlled with the USE parameters. The default is to use

the first channel to map the first input data set to the first

output data set, the second channel to map the second input

to the second output, etc. If there are more outputs than
inputs, the last input is mapped through the remaining

channels to create the appropriate number of outputs. Thus,

one input picture could be mapped through three indepen-

dent transfer functions to three outputs. This feature allows

simple production of pseudocolor pictures.

An input table may be modified before use with the

CHANGE and LTABLE parameters. This modified table

may then be saved by specifying the parameter TBLSAVE.

The format of the table data set is as follows: A table

data set is made up of one or more tables stored in a VICAR

data set. The data set contains a VICAR label followed by

one or more records, each record containing a table.

The data-format code in the VICAR label defines the

word structure of the table. Each table entry is stored as a
"word," i.e., byte, halfword, fullword, integer, or real,

depending on the format code. The number of table entries

per channel, M, is computed by M = NS/(4*k), where NS

is the number of samples (bytes) per record and k is the

number of bytes per pixel as specified in the format code
of the VICAR label. Therefore, a byte table would have
NS = 1024 and M = 256. The structure of the table record

is shown in Figure 14-11.

I =I
NUMBER OF SAMPLES

Figure 14-11. Structure of the lable record, dj,1 Is the output DN for
thejth channel that corresponds to an input DN = i.

26. MASK76. MASK76 is intended to replace the wide

variety of MASK-type programs that have been written at

IPL to satisfy various special needs. It combines features of
MASKMVM and MASKDISK. It also has some entirely

new features, including no maximum picture size; no limit

on the number of labels that can be displayed; the display

of picture-processing time, user initials (from subfield 1 of

the HASP accounting field on the job card), and job name
at the bottom of the picture; the ability to log the photo

product into the Library Support File (IPLLSF); the capa-

bility of mixing labels and histograms at the bottom of the

picture (labels at the left, histograms at the right); and the

"squeezing" and "crunching" of labels.

27. MGEOM. MGEOM is used to make geometric

changes in pictures, for example, to correct for a geometric
distortion. MGEOM can also be used to increase picture

size, reduce picture size, or rotate a picture. Maximum
rotation is limited to 85 ° in either direction. MGEOM uses

new methods for its internal operations but was written to
act like the older routines GEOM and LGEOM for user

convenience. New features include the following:

(1) Speed as fast or faster than GEOM, LGEOM, or
GEOMA

(2) Better accuracy than GEOM, LGEOM, or GEOMA

(3) Preparation of "sharp" edges for mosaicking

(4) Allowance for halfword case

(5) No limits on size of input or output picture

(6) No limits on size of interpolation grid

(7) No "bad cases" involving excessive rereading of disk
data sets

In most cases MGEOM should be used with input,

intermediate, and output disk files on three different disk

drives, or can be output to a tape unit. The intermediate
disk file has the same dimensions as the output file except

twice as many lines. Under certain circumstances, the
intermediate file can have fewer lines, or the intermediate

file can be omitted and the input file can be from tape.
Also, an MGEOM interface to TIECONM has been

developed.

MGEOM uses STACKA to obtain all available main-

memory space for its operation. Then, based on the amount

of space available, it scans the rectangles of the distortion

grid to determine the maximum width, HI, of output that

can be calculated from a corresponding area of input that

can be held in main memory. If W exceeds the output image
size, then MGEOM operates in a one-pass mode (like

GEOMA); otherwise it operates in a two-pass mode (like
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LGEOM), using an intermediate data set. MGEOM exe-

cutes pass I by calculating vertical strips in the output of

W from curvy strips in the input. These lines are packed

into the intermediate file. Pass 2 (if needed) efficiently

reassembles the strips into the final output.

MGEOM substitutes double-precision, fixed-point

arithmetic for single-precision floating arithmetic (cur-
rently used by GEOM, LGEOM, and GEOMA) for the

representation of picture element location information and

gray-scale bilinear interpolation.

The consequences of MGEOM operation are as follows:

If MGEOM is in the two-pass mode, the input file is reread
and an intermediate file is needed; these two files should

be on disk. If MGEOM is in the one-pass mode, the input

is read once and hence can be a tape file; the intermediate
file need not be declared. The intermediate file needs twice

as many lines as the output file in case of poor packing

behavior when two widths are performed but output size is

not divisible by two. Under some conditions the intermedi-
ate file can be shortened (Table 14-11).

MGEOM will obviously run faster if more region is allo-

cated. To help users optimize region and speed, statistics

are printed on phase 1 and phase 2. The phase 1 printout

shows the width W; hence, the output line length in bytes

divided by W indicates the number of times the input is

reread. If the STACKA allocation (region: 60K) is doubled,
then W will increase by -v/2. This information can be used

to determine how much region is needed to get MGEOM

into the single-pass mode. The second width W printed is

the actual W chosen to optimize packing of the intermedi-

ate file. The printout for phase 2 is usually not significant,
but if the number of buffers is less than the number of

widths, then a severe inefficiency will occur in phase 2. If

the keyword HVAR is specified, then the user is responsi-

ble for verifying that no more than 50 horizontal grid areas
are processed in a single width W. The program will

ABEND if more than 50 are attempted.

28. MSS. MSS converts unleaved multispectral data to

multispectral scanner format (MSS format). "Unleaved

multispectral data" refers to data in which each channel is

a separate VICAR data set. MSS combines these data sets

into one VICAR data set. This format will save I/O time in

programs that require several spectral bands concurrently.

All spectral information about a line can be read into core

with one read operation.

29. PICREG. PICREG is an interactive program to obtain

control points for registering two images. It displays both
images in a split-screen fashion and collects tiepoints as

they are cursored by the user. The tiepoints can then be
formatted for use with TIECONM, GEOMA, LGEOM, or
MGEOM.

PICREG will display both images in a split-screen man-

ner, the first input on the left and the second input on the

right. The user positions the trackbaU cursor(s) over identi-

cal features in each image and enters these tiepoints by hit-
ting the carriage return. Tiepoint positions can be obtained

directly from the trackball, as is, or can be optimized from

this initial position using the extreme positions of histo-

grams computed from the sums of rows and of columns of

pixels (AREA keyword), or from cross correlation (CORR
or POW keywords). In the latter case the expression is

CC = FT-'[FT(PI)* × FT(e2)I

where CC is the correlation map, FT is Fourier transform,

PI and P2 are the IN and REF picture areas, and * is com-

plex conjugate.

PICREG writes the locations of these raw tiepoints to

the first output data set, updating the data set for every

new point. PICREG will draw a cross (in the graphic plane)
at each tiepoint location visible in the displayed image and

label the cross with the corresponding tiepoint number. The

raw tiepoints may be edited using the DELETE or REDO

keywords. The FIT keyword allows the user to fit various

surfaces to the raw tiepoints, and the FORMAT keyword
will reformat the points and write them to the second out-

put data set. PICREG will print the message PICREG

READY whenever it is ready to accept new keywords or a

new tiepoint location.

Table 14-11. Conditions for shortening the Intermediate file

Condition: Intermediate File,

Output Pixels NL factor

Odd 2.0

Divisible by 2 1,5

Divisible by 6 1.334

Divisible by 12 1.25

Divisible by 60 1.1667

30. PSAR. The polygonal segment adjustment routine

(PSAR) will adjust up to 100 polygonal areas (specified by

the vertices) and rectangles (specified in the usual manner)

by user-specified amounts. PSAR can be used to remove
undesirable segments of pictures before mosaicking and can

be used to separate desired portions of a picture for indi-

vidual processing. In addition, PSAR can generate a byte

or halfword picture of constant value and can saturate the

output picture at user-specified levels.
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PSAR adds user-specified values to the DN of each pixel

in the polygon and/or rectangle determined by the param-

eters. The maximum and minimum DNs in the output pic-

ture are determined by HSAT and LSAT, respectively. The

VICAR program QSAR (which is faster) should be used

instead when only rectangular areas are being adjusted.

31. RATIO. RATIO operates on two input pictures to

generate a third (comparison) picture. There are four modes

of operation:

(l) RATIO OUT = GA1N*(INI/IN2)+OFFSET

(2) LOG RATIO OUT = GAIN*LN(INI/IN2)+OFFSET

(3) DIFFERENCE OUT = GAIN*(INI-IN2)+OFFSET

(4) LOG DIFFERENCE OUT = GAIN* LNIIN I-IN2 + 256) + OFFSET

The GAIN and OFFSET values are calculated by RATIO

so that the mean DN of the output picture will be 128 and

saturation will be at a user-specified level. RATIO fetches

the program F to form the output picture.

The region between the two EXCLUDE values is divided

into 500 equal parts. These become the permissible histo-

gram values. The input pictures are sampled according to

the parameters AREA, PERCENT, and INCR to form the

histogram. Values beyond the EXCLUDE parameters are

ignored.

value in the output image. Parameters used to specify spe-

cial pixel replacement conditions have been added. A spe-

cific thematic class value may be simplified individually.

Unclassified pixels may be removed where possible.

To accommodate the edges of the image that normally

could not be simplified due to edge overlap of the window,

the edges are mirrored over. This eliminates the need for
special edge-processing procedures. If two DN values have

the same frequency of occurrence and are the most fre-

quently appearing DN values, the lower DN value will be

used in replacement. The following window operations will

demonstrate the operation of SIMPLIFY:

Example !: Specifying SMALL and THRESHOLD = 4:

INPUT: OUTPUT:

555 555

325 355

433 433

Example 2: Specifying SMALL and THRESHOLD = 4:

INPUT: OUTPUT:

5 5 5 No change

322

222

The histogram is filtered; then levels populated below REPLACE:
THRESHOLD are set to zero. The mean of this histogram
is calculated. Gain and offset values are chosen so that the INPUT:

mean is transformed to 128, and the higher of the dark and 0 0 0
bright saturation levels is equal to the requested level of
saturation. 0 0 0

221

The histogram is displayed, the VICAR label modified,

and the gain and offset passed to the program F, which

generates the output picture.

32. SIMPLIFY. The operation of SIMPLIFY is similar

to the operation of any boxfiltering routine except that sur-

face smoothing does not take place, In a pictorial sense, a
3-by-3 or a 5-by-5 window is passed over each pixel in the

input image. For each pixel and its surrounding neighbor-

hood, defined by the size of the window, a histogram is

accumulated to identify the most frequently occurring DN
value. If that DN value has occurred more than T times

(the THRESHOLD value) and has also occurred more times

than the DN value of the central pixel of the window, the

DN value of the central pixel will be replaced with that

Example 3: Specifying SMALL, THRESHOLD = 4, and

OUTPUT:

000

020

221

33. SIZE. SIZE is a VICAR applications program that

may be used to expand or reduce a picture and/or to change

the aspect ratio. The program SIZE duplicates many of the
functions of the VICAR programs MAG, EXPAND, and

PIXPIK but, for certain operations, is more convenient to

use. When used to compress an image, SIZE determines

the output DN value from the corresponding pixels in the

input picture; it does not use the average of the area being

compressed.

34. STATPLT. The program STATPLT generates a
CalComp plot tape that contains a graph of the classes in a

classification statistics data set. The user may specify which

two spectral bands are to be used for the x andy axes.
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For each class in a classification statistics data set (or for

those specified by the size field), STATPLT does the

following:

(1) Marks the position of the centroid of the class.

(2) Labels the centroid with its corresponding class
number.

(3) Draws the ellipse that bounds the range of the class.
The parameter SIGMA specifies the number of

standard deviations within this boundary.

If the centroid of a class lies outside the range of the x or y

axis, that class is ignored. Cut lines are drawn before and

after the plot. The plotter pen should be positioned at the

left edge of the paper before plotting.

35. STATS. STATS computes the statistics of specified
training areas on multispectral data. The output consists of

printer output, a statistics data set compatible with multi-

spectral classifiers BAYES and FASTCLAS, and (option-

ally) a picture containing the scribed training areas. Input

multispectral data may be in separate VICAR data sets or
in MSS format.

If the SCRIBE option is requested, STATS begins by

copying the specified input picture to the secondary output

data set. The first training area parameters are then pro-

cessed, and the training area is read from all input bands.

Statistics on this area are compiled, and the area is scribed

on the output picture. When the statistics for all training

fields for a given class have been compiled, the statistics
are written on the output STATS data set. The record

number on which they are written is the class number of
that class. The record will contain the mean, number of

pixels, and covariance matrix for that class. The record
length is a function of the number of spectral bands used.

The maximum record length is 372 bytes, which corre-

sponds to 12 spectral bands. The maximum number of rec-

ords is 50 since class numbers must range from i to 50.

If desired, histograms of each training class in each band

are printed. Spectral plots of the spectral signatures can

also be printed. The option EXCLUDE allows the user to

specify certain DNs for which statistics are ignored. This is

useful, for instance, if the training area lies at the edge of a

skewed picture. To prevent statistics from including pixels

in the background skew, EXCLUDE,0 could be specified.

The printer output includes the training areas for the
class, means and standard deviations for each band, and

covariance matrix. The covariance matrix is simply the

covariance taken between all combinations of spectral band
pairs. The keyword NOPRINT suppresses the printer output.

36. STRETCH. STRETCH is a VICAR applications

program that changes the point-by-point intensity of a pic-

ture by generating a transfer function on the domain of

intensity values. The user may choose from among seven

types of functions and, in many cases, may limit the domain
of the function to a specified range of values. In addition,

the user may complement pixel intensities, either before or

after applying the transfer function to them. Input data

may be in either byte or halfword form.

37. TEXTAD. TEXTAD is an application program with
which a user may add notes directly on a picture and may

scribe rectangles around areas on a picture.

38. TFILT. TFILT is a VICAR applications program that

performs various BOXFILTER-type convolutional filters.

TFILT is able to ignore DNs below a threshold when com-

puting the low-pass average and is thus free of ringing in
certain images. Scaling allows the dynamic range of high-

pass filters to be improved before integer truncation.

At each pixel TFILT computes the average of all DNs
greater than THRESH within an area of dimensions NLW

by NSW centered on that pixel and performs the filter using

this value. If the local average is _ if the pixel at the

center of the averaged area is DN, and if the output pixel
is OUT, then the four TFILT filters are as follows:

HIGH OUT = (DN DN)*SCALE+DCTRAN*DN+OFFSET

SCENE OUT-- [(DN DN)/¢DNI*SCALE
DCTRA N* DN + O FFS ET

LOW OUT = DN*SCALE+OFFSET

DIVIDE OUT = (DN/DN)*SCALE+DCTRAN*DN*OFFSET

If I)-TT should be 0 in the SCENE or DIVIDE filters, it is
set to 1.

39. TIECONM. TIECONM prepares a gridded data set
for POLYGEOM, GEOMA, LGEOM, MGEOM, or

GEOMZ transformations. The input is paired sets of tie-

points with no restrictions. It is, in principle, a surface-gen-

eration routine but creates the gridded data set so as to
best interface with the VICAR routines above. The sequence

GEN, TIECONM, GEOMZ can be used to generate a sur-

face in image format through an arbitrary set of points.

TIECONM uses the finite-element method (triangulation)

for surface fitting.

TIECONM operates in two phases. In phase I, the input
points are fully triangulated by the Manacher version of

the greedy algorithm. This selects the shortest edges first
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and adds them to the triangulation so long as they do not

cross previously added (shorter) edges. The algorithm pro-

ceeds until all edges are examined. Four extra points are
added five diameters away from the convex hull so that the

surface will extend smoothly beyond the input tiepoints.

In phase 2, the output grid is formed by evaluating the
triangular surface at grid-point locations. That is, a grid

point will fall in some triangle, and the GEOM shift will

be the linear interpolation of the input shifts at the three
corners of the triangle. The user should note that the trian-

gular surface is continuous but not differentiable and that

it passes through all of the input points. Point-surface gen-
eration techniques can be compared in Table 14-12.

40. USTATS. USTATS is a VICAR applications pro-

gram that performs an unsupervised, clustering algorithm
upon multispectral data. The output is a statistics data set
compatible with the programs BAYES and FASTCLAS.

A sampling of pixels is chosen, determined by the key-

word parameters INC, LINC, or SINC. The first sampled

pixel is set as the first cluster. For each of the remaining
pixels to be sampled, the following operations are
performed:

(1) The Euclidean distance from the mean of each clus-

ter is computed. The Euclidean distance (ED) is
defined as

(2)

(3)

(ED)-" = Y_ (DN_m- DN_) 2
All

band_

If the Euclidean distance to each of the existing clus-

ters is greater than the value specified by the param-

eter INITIAL, a new cluster is formed by this pixel.
Otherwise, the pixel is added to the nearest cluster,

and that cluster's mean for each band is recomputed.

The pixel to the left is then checked to see whether it

can be grouped into the same cluster. If its Euclid-

ean distance is not greater than the parameter

INITIAL, it too is added to the cluster, and the means

recomputed. This process is repeated until a pixel is
found that cannot be added to the cluster.

(4) Each pixel to the right is checked in the same man-
ner as in (3), above.

If the parameter NONN has been specified, steps (3) and

(4), above, are omitted. If, at some point this process gen-

erates more clusters than have been specified in the

parameter CLUSTER, the message SAMPLING

INCOMPLETE A T LINE n will be printed. No more pix-
els will be sampled, but processing will continue.

When the sampling process is complete, the clusters that

have been formed are examined. Clusters containing only
one pixel are removed. Standard deviations for each band
in each cluster are calculated, and, if the one-standard-

deviation regions of two clusters overlap, they are merged

into one cluster. The remaining clusters are sorted by
population.

The parameters CLASSES and PERCENT determine the

number of clusters to be retained as classes for output. If
either of these parameters is specified, the default of I0

classes is overridden. If both parameters are specified, the

conditions of both parameters must be met for the cluster

to be included as an output class.

The output statistics data set is of the same format as the

output data set of the program STATS and is suitable for

input into BAYES and FASTCLAS. The only difference is

that USTATS does not compute the off-diagonal elements
of the correlation matrix but sets them to zero.

41. VDIGIT. VDIGIT will create an image containing

the points or contours digitized on the Bendix Digitizer.

The z coordinates may be entered on the Bendix keyboard

and will become the DNs in the output picture. Applica-

tions such as creating altitude pictures from topographic
maps are possible with VDIGIT.

Table 14-12. Point-surface generation techniques

Method
Continuous

Properties

Well-Behaved

(No Mesas)
Differentiable

Precise Evaluation

at Input Point

Triangulation

Interpolation r

Interpolation r e

Polynomial fit

Potential function

Yes

No

No

Yes

Yes

Yes

Yes

No

No

Unknown

No

No

No

Yes

Yes

Yes

Yes

Yes

No

Yes
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VDIGIT should not be considered or confused with a

replacement for the existing program DIGA. VDIGIT

simply allows alternative utilization and application of the

Bendix Digitizer by IPL.

VDIGIT allows for both x,y and x,y,z digitization. With

x,y digitization, VDIGIT will generate a picture with the

x,y coordinates scribed with a constant DN on a fiat-field

background. The x,y,z digitization allows the user to spec-

ify the z coordinate (via the Bendix keyboard) for a string

of x,y coordinates. This z coordinate becomes the DN for

the corresponding x,y coordinates (sample-line) in the out-

put picture.

The size of the output picture is controlled with the

VICAR size field. During digitization the user should define

four approximately rectilinear, corner or limit points. These

four points and the size field define the x,y scale of the out-

put picture. To preserve the proper scale in the x and y

directions, the user need specify only one, NL or NS.

VDIGIT will compute the unspecified size based on the
four limits.

The user may define the scaling factors, gain and offset,

for converting the z coordinate to DN or may allow

VDIGIT to automatically scale the z coordinates. While

VDIGIT's scaling algorithm makes byte and halfword data

greater than 0, the user may define scaling factors without
this restriction on halfword data.

42. VERTSLOG. VERTSLOG replaces VMSS as the

logging program for Landsat MSS data. The advantage of

VERTSLOG is that it corrects for many of the geometric
distortions found in Landsat MSS data. These include skew,

aspect ratio, synthetic pixels, mirror-scan velocity profile,

panorama effect, and band-for-band misregistration. In

addition, the output from VERTSLOG may be full-frame

pictures as opposed to the half-frame output of VMSS.

The inputs to VERTSLOG are the four quarter-frame

files of the interleaved multispectral data as supplied by

NASA's Goddard Space Flight Center. VERTSLOG
unleaves the data, geometrically corrects it, and writes each

spectral band as a separate VICAR data set.

VERTSLOG begins by reading the first record of each

input that is a 40-byte ID record. This contains informa-
tion such as the Landsat MSS frame number and the tape-

sequence number. VERTSLOG checks to see that all input

files have the same frame number and that they are in the

proper sequence, that is, the first input is tape 1 of 4, the

second is 2 of 4, etc. If an error is detected, a message

describing the problem is printed, and execution is aborted.

The second record of each input is the annotation record

of 624 bytes. From this, VERTSLOG extracts information
such as the scene latitude, longitude, and spacecraft heading.

If the user knows that the ID or annotation records from

one or more inputs are missing or are unreadable, the user

may skip or ignore those records through the use of the

parameters.

VERTSLOG is then able to generate a VICAR label for

each of the output data sets. Included in the label are the
Landsat MSS frame number, band number, title, latitude,

longitude, spacecraft heading, sun elevation, azimith, pro-

cessing code, and picture scale. The processing code
describes the geometric corrections applied. The picture scale

is in meters per pixel.

From each of the input data sets, VERTSLOG reads a

quarter-line segment. A check is made to insure that each

segment is synchronized with its corresponding line. If not,
an error recovery routine is initiated that attempts to bring

the data back into synchronization. If successful, a mes-

sage is printed giving the line number where the vertical

shift error occurred. This line in the output picture will have

all zero DNs. If error recovery is unsuccessful, a message is

printed, and processing continues with no correction

performed.

The multispectral data are unleaved, synthetic pixels are
removed, and the data are converted to 8-bit data.

The data for each band are resampled to compensate for

distortions such as the mirror-scan velocity profile, pano-
rama, and aspect ratio. A floating-point SKEW and a slight

band-for-band registration correction are also then applied.

The projection produced may be sinusoidal (equal scale)

or space-oblique Mercator.

Resampling is normally done using linear interpolation
between neighboring pixels. A cubic spline resampling

function that uses four support points may be requested.

The SPLINE option increases the execution time of the

program by 80 percent.

A line is written for each spectral band, and the process

is repeated for each input record. If, for some reason,
VERTSLOG finds there are fewer lines than it expected

(2340 is the default), a message is printed cautioning the
user that the VICAR label contains an erroneous NL in

the system label.

The resampling of the picture can be suppressed by

specifying a negative aspect ratio. The geometric correc-

tions are not performed in this case.
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43. VLOGTOP. VLOGTOP is a VICAR applications

program that logs and rectifies National Cartographic

Information Center-Defense Mapping Agency (NCIC-

DMA) elevation images.

NCIC-DMA tapes are standard label, variable block

length, variable record length, 9 track, 1600 BPI. VICAR

will not support this data format. JCL may be used to

remove the standard label and unblock the tapes. The JCL

in-line procedure, given in Figure 14-12, extracts file REC4.A

from tape AEC503. It is necessary to know the record DSN.
This can be located in the NCIC listings sent with each

tape.

VLOGTOP will produce a halfword VICAR labeled data
set suitable for use with LANDSAT, MILUS, MMS, or

SLR data to provide altitude-control points. Information

in the NCIC header is used to produce a descriptive label

(Figure 14-13).

VLOGTOP takes out the variable-record-length prob-

lem with NCIC data and generates extra points at DN = 0

to produce a rectilinear image. Dimensions of the output

data set will vary depending on the amount of rectifying

needed. The buffer length is 5000. All size field informa-

tion is set automatically by VLOGTOP. The number of

lines varies, and NL 2500 should be used.

44. XFORM. XFORM performs a linear transforma-

tion on the input data. The transformation is specified by a

parameter matrix. If desired, XFORM will automatically

scale the output to a range of 0 to 255.

The program allows each corresponding pixel from the

input data sets to be represented by a vector X r = (X, X2...
X_) r. A is the parameter matrix (n by m), Then XFORM

computes the product

AX=V

or

(aa12am'(i)(i1)azt az2 a2m_ x,_ vz

\a,,l a.._ a..,/

A gain and offset is then applied to each component:

V' = p, + q,v,

//TOPOLOG JOB

//RE FMT PROC

//CPY EXEC PGM=IEBGENER

//SYSPRINT DD SYSOUT =A

//SYSIN DD DUMMY

//SYSUTI DD UNIT=2400,VOL=SER=&VOLSER,DSN=&DS,

// DISP=(OLD,PASS),LABEL=&FI

//SYSUT2 DD UNIT=2400,DSN=&DS,DISP=(NEW,PASS),VOL=(,RETAIN,SER=SCRTMP),

// LABE L= ( &FO ,BLP), DCB= ( RECFM=U,BLKS I ZE= 32756, DEN=3)
// PEND

//STEP1 EXEC REFMT,FI=I,FO=I,VOLSER=AEC503,DS ='REC4.A'

Figure 14-12. Reformatting procedure

*****DMA-NCIC 1:250000 DIGITAL TERRAIN MAP****U.T.M. PROJECTION**

SHEET NJ 11-08 W *SERIES V502 *EDITION ED 5 *ZONE II*EDU 1=FEET
PIXEL=.OI INCH*SHEET CORNERS ** GEOGRAPHIC COORDS OF SHEET CORNERS

NW L(X)= 69 S(Y) = 1798 ** NW LON=-II8 0 0 LAT = 38 0 0

NE L(X)= 1452 S(Y)= 1792 ** NE LON=-II7 0 0 LAT= 38 0 0

SW L(X)= 50 S(Y) = 50 ** SW LON=-II8 0 0 LAT= 37 0 0

SE L(X)= 1452 S(Y) = 44 ** SE LON=-II7 0 0 LAT = 37 0 0

ELEVATION(FEET ):MIN 1960" MAX 10400*
NOTE:NORTH IS 90 DEGREES CLOCKWISE FROM UP

Figure 14-13. Descriptive label
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